タングステン及びモリブデンを含む規則化ペロブスカイト型酸化物の合成、結晶構造と触媒特性 by Wei Mingdeng
December 1999




Preparation, Crystal Structure and Catalytic 
Properties of Ordered Perovskite-Type Oxides 
Containing Tungsten and Molybdenum 
  




1 General ............... _................ . 1
1.1 Introduction 1
1.2 Crystal structure and composition ofperovskite-type oxides........................ 2
1.2.1 Basic AB03-type perovskites 2
1.2.2 Substituted perovskites 3
1.2.3 Ordered perovskites 5
A. Double perovskites with the 1: 1 ordering in B cationic position 5
B. Triple perovskites with the 2: 1 ordering in B cationic position 8
1.3 Preparation methods ofperovskite-type oxides 8
1.4 Catalytic application and properties of perovskite-type oxides 10
1.5 The purpose of the present study 11
References 13






Chapter   Introduction . ........................................................  
  ...................................................................................  
      ides.  .......  ...   
    .....................................................  
   .............................................................  
   .................................................................  
            ............  
            ..............  
     ..........................................  
        ........................  
       ...... '" ..................................................  
 ...........................................................................................  
Chapter    Ordered   Containing 
Tungsten and  ..........................  ...................  17 
  ...................................................................................  
  .............. , .....................................................................  
 
2.3 Synthesis of A2+2B2+B6+06 double perovskites 19
2.3.1 Formation range of double perovskites 19
2.3.2 Temperature for single-phase formation 24
2.4 Synthesis of solid-solution oxides between different A2+2B2+B6+06 double
perovskites 24
2.5.1 A+A3+B2+B6+06-type double perovskites 27
2.5.2 A2+A3+B+B6+06-type double perovskites 28
2.6 Synthesis ofnonstoichiometic double perovskites containing Wand Mo 29
2.6.1 Synthesis of A2+2B+WOs.s double perovskite-type oxides 29
2.6.2 S h · f A2+ A+ B2+B6+0 d A2+B2+ B+ B6+0ynt eSlS 0 2-x x 6-x/2 an I-y y 6-y/2 double
perovskite-type oxides 30
2.7 Synthesis of2:1 ordered triple perovskites containing Wand Mo 31
2.8 Conclusions 32
References 34
3 Structural Investigation of Perovskite-Type
Containing Tungsten and Molybdenum.... 0 0 0 0 0 00000000000000000000.0 •• 0. 36
3.1 Introduction 36
11
   2\B2 6 6   ...........................................  
      ..........................................  
     ........................................  
       1   
 ....................................................................................  
2 4 3 A2+ B2+ B'2+ B6+0 (A2+ B2+B6+0 A2+ B,2+B6+0 ) 26 • • 2 0.5 0.5 6 system 2 6- 2 6 ............... .. 
      .........................................  
 2   3    .........................................  
        ...........  
   \B 055    .....................  
    2     ?           - l  Y   
  ..............................................................  
         ...................  
  ...................................................................................  
 ...........................................................................................  
Chapter     Ordered  Oxides 
    ...............................  
  ..................................................................................  
 
3.2 Experiment ................................................................................... 36 
3.3 Crystal structure of A2\B2fB6+06 double perovskites ................................... 36 
3.3.1 Unit cell types ...................................................................... 37 
3.3.2 Cell parameters ...................................................................... 44 
3.4 Crystal structure of A2\B2+WI_yMoy06 double perovskites ............................. 45 
perovskites .................................................................................... 46 
3.6 Crystal structure of A2\B+W055 double perovskites ................................... .48 
3.7 Crystal structure of double perovskites with two kinds of A site cations ............. 50 
3.7.1 A2+A!2+B2fB6+06 type compounds ................................................. 50 
3.7.2 A2+A3+B+B6+OG type compounds ................................................... 53 
3.7.3 A+A3+B2+B6+06 type compounds ................................................... 54 
3.7.4 Summary of the crystal structure of AA'BB'06 containing two kinds of 
A-site cations ........................................................................ 55 
3.8 Crystal structure of2:1 ordered A2\B3\B6+09 perovskites ............................ 56 
3.9 Proposal of a fitness factor to discriminate the crystal symmetry of double 
perovskites .................................................................................... 58 
3.9.1 
cation ................................................................................. 58 
3.9.2 The other double perovskite systems ............................................. 63 
3.10 Conclusions .................................................................................. 66 
References ........................................................................................... 68 
Appendix .................................................................................................. 69 
III 
Chapter 4 Catalytic Property of Ordered Perovskite-Type Oxides Containing 
Wand Mo for the Reduction of Nitrogen Monoxide by Propane in 
the Presence of Oxygen ...... G •••••••••• fl ••• o •••••••••• 8 ••• Ii iii •••• 11 It. 0 61 (I G •••• e. 78 
4.1 Introduction ............................................................................. 78 
4.2 Experiment .............................. , ...................................................... 79 
4.3 General features of the Wand Mo-containing ordered perovskites for the NO-
C3H8-02 reaction .............................................................................. 80 
4.3.1 Temperature dependence ........................................................... 80 
4.3.2 Effect of oxygen concentration ................................................... 81 
4.3.3 Effect of contact time (W IF) ...................................................... 83 
4.3.4 Effect of the composition of reaction gas ......................................... 84 
4.3.5 Effect of hydrocarbons reductants ................................................. 85 
4.4 NO reduction activity of A2\B2+B6+06 double perovskites and its relation to 
solid-state chemistry .......................................................................... 86 
4.4.1 Dependence of catalytic activity on the oxide composition .................. 86 
4.4.2 Relation between the redox property of B-site cations and NO reduction 
activity ................................................................................ 89 
4.4.3 Proposed scheme ofNO-C3H8-02 reaction over double perovskites ........ 91 
4.5 NO reduction activity of the other ordered perovskite systems ....................... 93 
4.5.1 AlB-site partially substituted double perovskites .............................. 93 
4.5.2 A 2\B+B6+0ss double perovskites ................................................. 95 
4.5.3 A+A3+B2+B6+06 double perovskites ................................................ 96 
4.5.4 2: I-ordered A2\B3\B6+09 perovskites ............................................ 97 
4.6 Conclusions .................................................................................... 98 
References ............................................................................................ 99 
lV 
Chapter 5 Catalytic Property of Ordered Perovskite-Type Oxides Containing 
Wand Mo for the Oxidation of Propane .................. 0. 0 0 0 0 •••• 0.0000 100 
5.1 Introduction .............................................................................. , .... 100 
5.2 Experiment ................................................................................... 100 
5.3 General features of the W and Mo-containing ordered perovskites for the 
propane oxidation reaction ... '" .................... , '" ............. " .................... 101 
5.3.1 Temperature dependence ......................................................... 101 
5.3.2 Effect of contact time (W/F) ...................................................... 103 
5.4 Catalytic activity for propane oxidation of double perovskites and its relation to 
solid-state chemistry ......................................................................... 104 
5.4.1 Propane oxidation activity of A2+2B2+B6+06 double perovskites ............. 105 
5.4.2 Dependence of propane oxidation activity of A2+2B2+B6+06 double 
perovskites on B2+ cations .......................................................... 106 
5.4.3 Propane oxidation activity of partially substituted double perovskites ...... 109 
5.5 Propane oxidation activity of2: I-ordered A2\B3\B6+09 perovskites ................ 110 
5.6 Preliminary investigation of partial oxidation of propane over ordered 
perovskites containing Wand Mo ....................................................... '" 113 
5.7 Conclusions ........ , .. , ................................................................... '" 114 
References ............................................................................................. 116 
Chapter 6 Summary ........ eo •••• eo •••••• e 0 0.0.0 .... iii •••• 0 ••• It II I) •••••••• I) e 0 II e e •• D Ii D. eO e III e •••••• 117 
Acknowledgement ....... 0 ••••••••••••••••••• 0 ••••••••••••••••• 0 •••••• 0 ••••••••••••••••••••••••• 121 
v 
Chapter 1 General Introduction 
Chapter 1 General Introduction 
1.1 Introduction 
Perovskite-type oxides have the general formula of AB03, in which A represents a 
larger cation such as rare emih, alkaline earth or alkaline ions and B a smaller ion of 
transition or main group metals. Perovskites as functional materials were first 
investigated for their physical behaviors such as ferro-, piezo-, and pyro-electricity, 
magnetism and electro optic effects, and have been utilized as electroceramics since 1940s 
[1,2]. The chemical application of perovskites mostly as catalysts started at early 1950s 
[1,3] and grew rapidly since 1970s as a substitute of noble metals in the field of energy-
concerned and environmental catalysis [4]. Recently, perovskites have received 
additional attention for their ability to support superconductivity above the boiling point of 
liquid nitrogen [5]. Perovskite-type oxides are an important class of mixed metal oxides 
in both practical application and basic researches. Table 1-1 summarizes functional 
properties exhibited by perovskites and representative compounds. 
Perovskite-type oxides so far investigated and applied for practical uses are mostly 
disordered compounds in which two or more metal cations randomly distribute in either A 
or B sites. F or example, perovskites listed in Table 1-1 are disordered compounds except 
for YBa2Cu30 x which has layered ordering of Y and Ba ions. Perovskite-type oxides 
represented by such formulas as A2BB'06 and A3B2B'09 are ordered perovskites because 
they have distinct ordering in sub lattice of metal cations (between Band B' cations in 
A2BB'06 and A3B2B'09)' Over 300 compounds of the ordered perovskites have been so 
far synthesized, but investigation on their physical and chemical properties is very limited 
as compared with disordered perovskites. Accordingly, it is highly expected that 
1 
Chapter 1 General Introduction 
systematic investigation on ordered perovskites with respect to synthesis, structure and 
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(La,Ca)Cr03_0, (La,Sr)Co03_8, Semiconductive BaTi03 
(La,Sr)( CO,Fe )03-0, (La,Sr)( Ga,Fe )03-0 
La(AI,Mg)03_0' (La,Sr)(Ga,Mg)03_0 
Ba(Pb,Bi)03' YBa2Cu30 x 
HxW03 
(La,Sr)Co03_0, (La,Sr)Mn03+o 
1.2 Crystal structure and composition of perovskite-type oxides 
1.2.1 Basic ABOrtype perovskites 
The ideal perovskite-type structure (AB03) is cubic with space group Pm3m-0\ (Fig. 
1-1). Typical A-site cations are rare earth, alkaline and alkaline earth metals with a larger 
ionic radius comparable to an oxide ion, while the B-sites are usually occupied by smaller 
transition and main group metal cations. In this structure, the A and B cations are in 12-
and 6-fold coordination with oxide ions as shown in Fig. 1-1. For stoichiometric AB03 
compounds, combinations of Am+ and B"+ which satisfy the electroneutrality are given by 
2 
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n+m=6. There are no compounds in which A has a higher valency than B, and the
possible compounds are A3+B3+03 (eg. LaCo03, LaCr03), A
2+B4+03 (eg. BaTi03, CaTi03),
A+Bs+03 (eg. LiNb03) and A site-vacant B
6+03 (eg. Re03, W03). In addition to the
electroneutrality, the combinations of A and B ions are restricted by the requirement that A
and B must be stable in dodecahedral and octahedral coordination environments of oxide
ions, respectively, and therefore the lower limits of ionic radii are rA > 0.90 A, and rB>
0.51 A. The other requirement, which a given A and B cations should satisfy at the same
time, is given by the Goldschmidt tolerance factor, t=(rA+rO)/~2(rB+rO) [6]. Perovskite
structure occurs when 0.75< t < 1.0 and most frequently 0.8 < t < 0.9. The t value will be
equal to 1.0 for the ideal cubic structure, and smaller t value results in a decrease in crystal





Fig. 1-1 Ideal perovskite structure. (a) A-cation centered, (b) B-cation centered.
Substituted perovskites
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Chapter 1 General Introduction
The composition of AB03 can be varied extensively by the partial substitution of metal
cations in the form of solid solutions like AI_xA' xB03' ABI_yB'y03 or even
AI_xA\BBI_yB\03 etc. The partial substitution in perovskites is particularly important
and useful, because it allows the preparation of isostructural series with different
physical/chemical properties. When the substituent cations (A' and B') have valence
states different from the host cations (A and B), the formation of point defects as well as
the stabilization of abnormal or mixed valence state of B-site cations are expected.
Introduction of such lattice defects is intimately related with the modification of properties.
Consider the case where trivalent A cations in A3+B3+03 are partially substituted by
divalent A' cations. The charge compensation can be achieved by the stoichiometric
formation of oxide ion vacancies, Vo, (1-1) or tetravalent B cations (1-2). In addition to
these two extreme cases, a mixture of them (1-3) is also possible.
[A3+I_xA
2+J [B3+]03_(x12)Vo(x12)




When the valencies of all component metal cations are invariable, the stoichiometric
formation of oxide ion vacancies (1-1) occurs as in cases ofCaTil_yMgy03_o, CaTiI_yAly03_o,
LaAII_yMgy03_o [7] and Lal_xSrxGal_yMgy03_o [8], and the resulting oxides become solid
electrolytes (pure oxide-ion conductors). In case that a tetravalent state of B-site cations
is stable, the charge compensation is achieved by (1-2), and Lal_xSrxMn03 is the
representative [9,10]. When tetravalence B-site cations can be formed but are not so
stable, B4+ (or electron hole) and oxide ion vacancies are fornled simultaneously (1-3).
The representatives are LaI_xSrxCo03_o, Lal_xSrxFe03_o, LaI_XSrxCol_yFey03_o [11-13]. One
characteristic of the oxides of this type is that the oxides can change their composition
(concentration of B4+ and oxide ion vacancies) depending on surrounding temperature and
oxygen partial pressure by the facile and reversible desorption/absorption of oxygen [11-
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Chapter 1 General Introduction
13]. The other is that they are good mixed ionic-electronic conductors [14]; the electronic
conductivity originates from the band structure, the nature of B-site cations and/or the
mixed valence states of B-site cations, and the oxide ionic conductivity does from the
presence of oxide ion vacancies (vacancy mechanism).
1.2.3 perovskites
The substituted, multi-component perovskites are classified into solid-solution phases
described in 1.2.2 and ordered phases represented several formulas such as AA'BB'06'
A2BB'06' A3B2B'09' AA'2B2B'09 and A4B3B'OI2' For a given combination of metal
cations, differences in ionic size and/or valency determine whether they form the solid
solution or the ordered phases. Let's take SrTio.sZro.s03 and Sr2CoW06for examples. In
the former compound, the valency of Ti and Zr ions are the same (+4), and ionic radii are
not so much different (Ti4+; 0.605 A, Zr4+; 0.72 A). In such a case, Ti4+ and Zr4+ ions
randomly occupy B sites to form the solid solution phase. For a pair of Co2+ (0.745 A)
and W6+ (0.60 A) in the latter compound, on the other hand, large difference in valency
(four) makes the random distribution difficult, resulting in the rock-salt ordering in B-site
sublattice. In the following, double (1: 1 ordering) and triple (2: 1 ordering) perovskites
will be described.
A. Double perovskites with the 1:1 ordering cationic position
Among ordered perovskites, a subclass of AA'BB'06 [15,16] or A2BB'06 [17-49] is
referred to as a double perovskite in which three B-cation sublattice types are possible;
random, rock-salt and layered (Fig. 1-2) [2]. Table 1-2 summarizes three sublattice types,
common cell sizes, crystal systems and space groups [2]. These sublattice types are
5
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Chapter 1 General Introduction
determined by four factors (charge, ionic radius, cation coordination geometry, and the A-
lB-cation size ratio), but the difference in the charge is the most influential [2].
According to Anderson et al. [2], the rock-salt arrangement is dominating when the charge
difference is more than two, and the random arrangement is dominating when the charge
difference is less than two. The layered arrangement seldom occurs.
Three sublattice types can be distinguished by the presence of superlattice reflections
and systematic absences in diffraction patterns. The present of Okl reflections (k=2n+ 1),
especially, 111 and other higher order reflections, is an evidence of rock-salt arrangement
of B-site cations. The presence of h 0 l reflections (h+l=2n+ 1) and absence of 111, -111,
and other higher order reflections are a characteristics of layered arrangement of B-site
cations. As for random distribution, no superlattice reflections evidencing B-site cation
ordering are observed.
(a) (b) (c)
Fig. 1-2 Three possible arrangements of B cations in double perovskites.
(a) Random, (b) Rock-salt, (c) Layered.
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Chapter 1 General Introduction
Table 1-2 Crystallographic information for common double perovskites
Sublattice type Cell size!) Crystal system Space group




-V2~ x -V2~ x 2~ Orthorhombic Pbnm




-V2~ x -V2~ x 2~ Monoclinic P2/n
Layered 2~ x 2~ x 2ap Monoclinic P2/m
1) ~ is a cell edge of primitive AB03-type unit cell (ca. 4 A).
A
Fig. 1-3 Crystal structure model for A3B2B'0 9 triple perovskites.
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B. Triple perovskites with the 2: 1 ordering in B cationic position 
The triple perovskites represented by A3B2B'09 have the 2: 1 ordered arrangement 
between Band B' cations (Fig.1-3). There would be two kinds of crystal system for 
A3B2B'09 perovskites. One is the cubic structure with the 2:1 ordering. Galasso et al. 
[50] suggested that the 1:1 ordering occurs between B' and (2/3B + 1/3B') ions, but this 
phenomenon is difficult to achieve, which has been ascribed to a poor local charge balance 
[23]. Another is the hexagonal structure with the 2: 1 ordering. In this structure, the 
layers of cations perpendicular to the hexagonal axis are alternately occupied by two kinds 
of cations, in the sequence -B-B-B'-B-B-B'- [17]. The diffraction patterns can be 
indexed in a hexagonal structure with a unit cell size close to -J2apx-J2~x2-J3~ [51]; ap is 
the primitive unit cell of AB03. The superlattice lines with indices 001 (l=2n) are present, 
but sometimes its can not be found for their weak intensity [17]. 
Table 1-3 Preparation methods of perovskite-type oxides 
Reaction Method 
Solid-Solid • Ceramic 
• Evaporation-to-dryness 
Liquid-Solid • Spray drying 
• Freeze drying 
• Mist decomposition 
• Co-precipitation 
III Reverse homogeneous precipitation 
III Complexation 
III Sol-gel 
1.3 Preparation methods of perovskite-type oxides 
A number of methods have been used to prepare perovskites. Synthesis reactions 
can be classified into solid-solid and solid-liquid category (Table 1-3). The different 
8 
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preparation method is chosen for different expected use of perovskites. For example, the
methods giving high surface area oxides are important in the catalytic application of
perovskites. On the other hand, those yielding homogeneous solids may be more
important in the electronic and magnetic applications, though the control of particle size is
often necessary to control the sintering behavior.
Each method has both advantages and disadvantages. In most cases, perovskites
have been prepared by calcinating a solid mixture of constituent metal oxides or carbonates
(ceramic method), or by evaporating an aqueous solution of constituent metal nitrates or
acetates followed by calcination (evaporation-to-dryness method). The ceramic method
gives a wide grain size distribution, is difficult to control the homogeneity and needs very
high calcination temperatures. Coprecipitation is simper and needs lower calcination
temperatures, but it suffers from difficulties in stoichiometry and homogeneity of cationic
distribution in the grains. Recently, a reverse homogeneous precipitation method (or
rapid hydroxide precipitation method) was developed to overcome problems of the
coprecipitation method [52]. Complexation (by citrates, etc.) and sol-gel methods
guarantee the stoichiometry and homogeneity of cation distribution, but special chemicals
and experimental procedures are necessary. The other methods (mist decomposition,
spray and freeze-drying) require special equipment.
Because the higher surface area is usually beneficial for catalytic applications, great
efforts have been devoted to develop new preparative routes which give high specific
surface area perovskites. For example, Teraoka et al. reported the synthesis of
Lao.gSrO.2M03 (M=Co, Mn) by malic acid-aided (complexation) and reverse homogeneous
precipitation methods [52,53]. Compared to the ordinary evaporation-to-dryness method
using metal nitrates, above-stated two methods gave the high surface-area perovskites at
lower synthesis temperatures. Higher surface areas resulted in the promotion of the
catalytic performance per weight for La1_xSrxMn03but not for La1_xSrxCo03[53,54].
9
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Chapter 1 General Introduction 
1.4 Catalytic application and properties of perovskite-type oxides 
The earliest study of perovskites as catalysts was reported in early 1950s by 
Parravano [1,3]; he observed that the rate of the catalytic oxidation of carbon monoxide is 
affected by ferroelectric transitions in NaNb03, KNb03 and LaFe03. However, the 
studies which stimulated interests in the catalysis of perovskites were conducted in the 
early 1970s by Meadowcroft for electrochemical reduction of oxygen [55], by Libby et al. 
for hydrogenation and hydrogenolysis of cis-2-butene [55,57] and by Voorhoeve et al. for 
CO oxidation [58] and NOx removal [59]. These studies showed that Co- and Mn-based 
perovskites could be used as substitutes or partial substitutes for noble metals catalysts in, 
for example, removal of automobile pollutants, and actually triggered many studies on 
catalysis of perovskites [4,60]. Higher thermal stability of perovskites is considered to be 
advantageous when using at elevated temperatures. Table 1-4 summarizes selected 
catalytic application with typical perovskites used. 
Table 1-4 Selected Catalytic application of perovskite-type oxides 
Reaction Typical Catalyst 
Oxidation of CO 
LnB03 (Ln=rare earth, B
3+=3d transition metals) 
Combustion of hydrocarbons 
La1_xAxB03 (A=Sr, Ca, B3+=3d transition metals) 
and oxygenated compounds 
Partial oxidation of AB03 (A=Ca, Sr, Ba; B=Ti, Zr, Ce), 
hydrocarbons La1_xSrxFe03, La1_xSrxMn03 
Hydrogenation of carbon oxides LaTi1_yCuy0 3, La1_xSrxCo03, LaCo03 
Reduction of NO x with CO and 




LnCo03 (Ln=La, Nd, Dy), LaB03 (B=Co, AI, Fe) 
of hydrocarbons 
Decomposition of NO LaB03, Lal_xSrXCOl_yBy03 (B=Cr, Fe, Mn, Co, Ni) 
10 
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Some characteristics of perovskite catalysts in relation with solid-state chemistry can
be summarized as follow [60].
1) The possibility of preparing a wide-ranging compound without affecting fundamental
crystal structure offers a good object to elucidate the relationship between catalytic
property and solid-state chemistry.
2) The catalytic activity of perovskites is determined mostly by the nature of B-site metal
cations. For example, Co- and Mn-based perovskites are very active for the complete
oxidation reaction because C030 4 and Mn02 are the most active among simple metal
oxides.
3) The thermal stability of B-site transition metal ions is promoted by incorporating in
perovskite structure.
4) The catalytic activity of perovskites is enhanced, in most cases, by the partial
substitution of catalytically inactive A-site cations. This enhancement is related
intimately with the formation of oxide ion vacancies as well as the control of valence
states of catalytically active B-site cations.
The purpose of the present study
Up to date, a large number of perovskite-type oxides have been investigated as
catalysts, but all the catalysts excepting one are basic AB03 type and disordered solid-
solution phases. To the best of my knowledge, the work by Voorhoeve et al. [61] is the
only report dealing with the catalytic properties of the ordered perovskites; they reported
the catalytic activity of Ba2CoW06 for CO oxidation and NO reduction by CO and H2• In
addition, W03 and Mo03 (or Wand Mo ions) are important catalytic components for
selective oxidation catalysis. However, no systematic studies have been so far conducted
on the catalytic properties of perovskites containing Wand Mo, partly because hexavalent
tungsten and molybdenum are not stabilized in the commonly used primitive AB03-type
11
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Chapter 1 General Introduction 
compounds. Since Wand Mo ions are known to be stabilized in the ordered perovskites 
synthesis, structural characterization and evaluation of catalytic activity of these ordered 
perovskites are indispensable to elucidate the catalytic properties of W - and Mo-containing 
perovskites. From the viewpoint of the relation between the solid-state chemistry and 
catalysis, these perovskites with ordering in the B-site sublattice should be of great interest, 
because the catalytic properties of perovskites are generally determined by the nature of B-
site cations. 
The first part of this study is devoted to systematic synthesis and structural 
characterization of ordered perovskites listed in Table 1-5. In the second part, catalytic 
activities of the ordered perovskites for NO-C3Hg-02 and C3Hg-02 reactions have been 
examined in order to elucidate the relationships between the catalytic activity and the 
solid-state chemistry. 
Table 1-5 The ordered perovskites synthesized in this study 
Compound formula A-site cation B-site cation 
A2'2B2+B6'06 A2+=Ba, Sr, Ca, Pb 
B2'=Mg, Ca, Sr, Ba, Co, Ni, Cu, Cd, Zn 
B6+=W, Mo, W1_yMoy 
A2+ A,2+B2+B6+0 A2+=Ba' A'2'=Sr 




6 A+=K Na' A
3+=La 
B2+=Mg, Ca, Co, Ni, Cd, Zn 
, ,
B6+=W Mo , 
A2tA3+B+B6+0 
6 
A2+=Ba Sr' A3+=La , , B+=Na Li' B6'=W Mo " , 
A2t B'B6+O 2 5.5 A2+=Ba Sr , B+=Na Li' B
6+=W Mo " , 
A2+ A +B2+B6+0 2-x x 6-x/2 A
2+=Ba' A'=K Na , , B2'=Cd' B6'=W Mo , , 
A2+ B2+ B+ B6+0 
2 l-y Y 6-y/2 A2+=Ba B
2+=Cd' B+=Li' B6+=W Mo , , , 
A2+ B3+ B6+0 
3 2 9 A
2+=Ba, Sr, Ca, Pb B3+=Co Fe' B6+=W Mo " , 
12 
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Chapter 2 Synthesis of Ordered Perovskite-Type Oxides Containing Tungsten and Molybdenum
2 Synthesis
The perovskite-type oxides with the 1:1 ordering arrangement between two kinds of B-
site cations are referred to as double perovskites. They have the general formulas of
AA'BB'06 [1,2,3] and A2BB'06 [3,4,5], in which the primes indicate the possibility of
different cations. The research of the double perovskite-type oxides can be dated back to
early 1950s [6], and expanded in the late 1950s [7]. Subsequently, a large number of
double perovskite oxides were discovered and studied [3,8,9-18]. Form the late 1980s to
now, double perovskite-type oxides have been widely investigating for their ability to
support superconductivity above the boiling point of liquid nitrogen, 77K [19].
Another class of ordered perovskites is referred to as the 2: 1 ordered perovskite,
A3B2B'09, with layered ordering of the -B-B-B'- sequence. The 2:1 ordered perovskites
as materials have been extensively investigated for their physical properties [20-25], but
W- and Mo-containing systems are limited [26].
In this chapter, the systematic synthesis of perovskites containing Wand Mo with the
ordered structures is described. Table 2-1 summarizes the types of ordered perovskites
synthesized in this study. Synthesis condition and stability region of the Wand Mo-
containing ordered perovskites are discussed with respect to the physical properties of
constituent metal ions (ionic size, valency etc.). It is natural that the synthetic research
should consist of the preparation part and the structural characterization part; the former is
dealt with in this chapter and the latter will be in the next chapter.
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Mixed aqueous solution of constituent






(700 - 1250 °C, 5 or 10 h)
Fig. 2-1 Evaporation-to-dryness method employed to synthesize ordered perovskite-type
oxides containing Wand Mo.
2.2 Experimental
Polycrystalline ordered perovskite oxides were synthesized from starting materials of
MO()3' W()3 and nitrates of other elements by the evaporation-to-dryness and ceramic
methods. In the evaporation-to-dryness method (Fig. 2-1), molybdenum and/or tungsten
trioxide was added into a mixed aqueous solution of metal nitrates, and the suspended
solution was evaporated to dryness under vigorous stirring. The obtained solid mixture
was ground and heat-treated at 350°C for 1 hour in order to decompose remaining metal
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Chapter 2 Synthesis of Ordered Perovskite-Type Oxides Containing Tungsten and Molybdenum 
nitrates. After regrinding, the mixture was calcined in air for 5 or 10 hours at 
temperatures varying between 700 and 1250 DC with an interval of 50 DC, and the 
calcination was repeated with regrinding at every interval. Crystal phase in the products 
were identified by powder X-ray diffraction (XRD) using CuKa radiation (Rigaku RINT-
2200VL, 30 kV, 16 rnA). In the synthesis of the double perovskite oxides, AMo04 and 
AW04 (A=Ba, Sr, Ca, Pb) were the main obstinate impurity phases. Calcination for 
prolonged or at higher temperatures was repeated until the XRD peak intensities of the 
impurity phase disappeared or, if present, became as low as possible. The formation of a 
single phase was judged from I/Ip < 4%; II and Ip are the XRD peak intensities of the 
strongest peaks of impurity and perovskite phases, respectively. The lowest temperature, 
though with longer calcination period, was adopted as the synthesis condition for each 
oxide. 
The ceramic method using simple metal oxides as starting materials was employed to 
synthesize some ordered perovskites, which was difficult to obtain as single-phase oxides 
by the evaporation-to-dryness method. In most cases, the formation of the single-phase 
oxides was easier by the ceramic method. However, the synthesis temperature was the 
same between the evaporation-to-dryness and the ceramic methods, though the calcination 
period was different. 
2.3.1 Formation range of double perovskites 
Table 2-2 lists the double perovskites of the A2\B2+B6+06 type synthesized in this study, 
which are classified into three groups according to the XRD phase analysis. The 
compounds underlined are hitherto unknown (new) compounds to the best of my 
knowledge. Two compounds, Ca2MgW06 and Ca2CaW06, which were obtained as 
19 
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almost single-phase oxides are included in the following discussion, because they are
known compounds [6] and their crystal structures (symmetry and cell parameters)
coincided with the reported ones. As stated in Chapter 3, all the double perovskites have
the rock-salt ordering between B2+and B6+cations.
Table 2-2 Classification of A2\B2+B6+06-type double perovskites base on the
single-phase formation 1)
Type Single phase 2)
Almost single No perovskite
phase formation 4)
Ba2BW06 B=Mg, Ca, Sr, Ba*, Ni, Co, Zn, Cu, Cd B=Fe
Ba2BMo06 B=Mg,Ca,Ni,C&,Zn,Cd B=Sr, Ba, Fe, Cu
Sr2BW06 B=Mg, Ca, Ni, Co, Zn, Cu, Cd B=Sr, Fe
Sr2BMo06 B=Mg, Ca, Sr*, lli, Co, Zn B=Fe, Cu, Cd
Ca2BW06 B=Ni, Co B=Mg, Ca
3
) B=Fe, Cu, Cd
Ca2BMo06
B=Mg, Ca, Ni,
Co, Fe, Cu, Cd
Pb2BW06 B=Mg, Co*, Cd B=Ni
Pb2BMo06 B=Co, Ni, Cd
1) Compounds marked with * were synthesized by the ceramic method, and the others by
evaporation-to-dryness method.
2) Underlined compounds are hitherto unknown (new) compounds.
3) Containing a small amount ofCaW04•
4) Containing double perovskite as a minor phase or without double perovskite.
The stability range diagrams of A2\B2+W06 and A
2+2B
2+Mo06 are shown in Figs. 2-2
and 2-3, respectively. In the figures, rA(XII) and rB(VI) are ionic radii of A2+ ion in 12-
fold coordination and B2+ion in 6-fold coordination, respectively, and they are taken from
ref. 27. The range of double perovskite formation depended significantly on all of
constituent cations (A2+, B2+and B6+). For the W systems (Fig. 2-2), the formation range
was widest with A2+=Ba, and tended to be narrower with decreasing the size of A2+cations.
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Fig.2-2 Stability range diagram for A2+2B
2+W06double perovskites.
rA(XII) and rB(VI) are ionic radii of A2+ion in 12-fold coordination and B2+ion in
6-fold coordination, respectively. See text for the details of t (tolerance factor)
and <D (fitness factor).
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Fig. 2-3 Stability range diagram for A2+2B2+Mo06 double perovskites.
rA(XII) and rB(VI) are ionic radii of A2+ ion in 12-fold coordination and B2+ ion in 6-fold
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In the solid-state chemistry of perovskites, the Goldschmidt tolerance factor [28] is
often used to predict the formation of perovskites and the crystal symmetry for a given pair
of A- and B-site cations. The tolerance factor (t) is given by
(2-1)
where rA, rB and ro are ionic radii [27] of A-site cation, B-site cation and 0
2
- ion,
respectively, and rB = (rB2+ + rB6+)/2 for the A2B
2+B6+06 double perovskites. As can be
seen from Fig. 2-2, the lowest limit of the double perovskite formation in the A2B
2+W06
system is around t=0.88-0.90. It was reported that Sr2SrW06 was obtained as a single-
phase compound [6], though the single-phase synthesis was failed in this study. The
higher limit is not clear because the smallest B2+ion available is Ni2+(0.69 A); the highest t
value in this study is 1.04 for Ba2NiW06• We have proposed [29] the fitness factor (cD)
given by eq. 2-2, which can discriminate the crystal symmetry of the double perovskites
more exactly than the tolerance factor (see the next chapter for detail).
(2-2)
In Fig. 2-2, the line corresponding to cD = 0.96, which is close to the cD value of Ba2BaW06,
is depicted. It has turned out that the tolerance factor is better than the fitness factor to
determine the formation range of the double perovskite phase.
For the A2\B2+Mo06 system (Fig. 2-3), the lowest limit of the t value for the double
perovskite formation was not clear as compared with the W system (Fig. 2-2). Generally
speaking, however, the stability field of A2\B2+Mo06 is narrower than the corresponding
W system. For example, no single phase oxide was obtained for A2+2B
2+Mo06 (A=Pb, Ca),
and the lowest t value increased from ca. 0.90 (W system) to ca. 0.97 (Mo system) for
Ba2B
2+Mo06• The reason for that is not clear at the present. Because the ionic radii of
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w 6+ (0.60 A) and Mo6+ (0.59 A) are almost the same, it cannot be explained only from the 
geometric factor. Anyway, the narrower stability range of Mo-containing double 
perovskites found in this study should be the reason why the systematic synthesis study of 
the Mo system has been less than that of the W system. 
It should be noted that single-phase compounds with Fe as B2+ cation were never 
obtained in this study, though they are in the stability range. The reason is as follows. 
For the Fe-containing samples, A3Fe3\B6+09 was formed as an impurity phase. Under the 
present synthesis condition, that is, calcination in air and Fe(III) nitrate as a starting 
material, thermal reduction of Fe3+ to Fe2+ never occurs, resulting in the formation of 
A3Fe
3\B6+09 rather than A2Fe
2+B6+06• In order to obtain single-phase A2Fe
2+B6+06, 
calcination in a reducing atmosphere should be necessary [30]. 
Table 2-3 Synthesis condition necessary to obtain single-phase A2\B2+B6+06 compounds 
B2+ 
m.p.(B2+0) 1) Ba B2+B6+0 Sr B2+B6+0 
Ca B2+WO Pb B2+WO 2 6 2 6 JOC B6+=W B6+=Mo B6+=W B6+=Mo 2 6 2 6 
2800 
l250°C 1250°C 1100°C 1100°C 1050 DC 750°C 
Mg 
30 h 5h 30 h 60 h 40 h 20 h 
1100°C 1200°C 1100°C 1100°C 1050°C 
~ Ca 2527 10 h 10 h 40 h 5h 40 h 
Sr 2430 
1100°C 
~ 20 h ~ 
1000°C 
~ ~ 30 h 
Ni 
1100°C 1100°C 1100°C 1100°C 1050°C 
~ 1998 30 h 5h 20 h 40 h 20 h 
Ba 1918 
1050°C 
~ ~ ~ ~ ~ 10 h 
Co 1800 
1000°C 1000°C 1200°C 1150 DC 1050°C 850°C 










~ ~ ~ 30 h 20 h 
Cd 7002) 
900°C 900 °C 950°C i~ ~ 
750 DC 
10 h 20 h 40 h 10 h 
1) Melting point ofB21 0. 2) Sublimation temperature. 
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2.3.2 Temperature for single-phase formation 
Table 2-3 summarizes the synthesis condition (temperature and time) necessary to obtain 
single-phase compounds under the present experimental condition. For Ba series 
compounds, the synthesis temperature was well con-elated with the melting point of B2+O 
[31]; the synthesis temperature of single-phase Ba2B
2+B6+06 increases with an increase in 
the melting point of W+O. For Sr and Ca series compounds, on the other hand, the 
synthesis temperature was not regularly dependent on or almost independent of B2+ cations, 
though the synthesis temperatures of Sr2Cu W06 and Sr2CdW06 were still lower than the 
others. The synthesis temperatures ofPb series compounds (750, 850 °C) were lower than 
the other series of oxides. Because the melting point of PbO is low (888°C), the synthesis 
temperature of the Pb series oxides is determined by the melting point of PbO, and thus it is 
not so much dependent on B2+ ions. 
2.4 Synthesis of solid-solution oxides between different A2+ 2B2+B6+06 double 
perovskites 
Base on the systematic synthesis results of W - and Mo-containing double perovskites 
reported in the former chapter, the synthesis of solid-solution phases has been investigated 
h h A2+ B2+W M 0 A2+A,2+B2+B6+0 A2+ B2+ B,2+ B6+0 ere, suc as 2 I-y Oy 6' 6, 2 0.5 0.5 6· 
241 A2+ B2+W Mo 0 system (A2+ B2+WO _A2+ B2+MoO) . . 2 I-y Y 6 2 6 2 6 
The success in the synthesis of new Mo-containing compounds leads to an opportunity 





Moy0 6). Table 2-4 summarizes the solid-solution phases investigated and their phase 
analysis results. The systems, of which the both end members (y=O, 1.0) were obtained as 
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single phase oxides, was chosen, so that the equimolar solid-solutions (y=0.5) were
obtained for all the systems investigated. For Sr2MgWI_yMoy06, single-phase oxides were
also obtained at y=0.25 and 0.75. These results strongly suggest that the solid solutions
can be obtained in entire range of the B6+composition (y), when both end members (Wand
Mo only compounds) are synthesized as single phase oxides. As can be recognized from
Table 2-4, the synthesis temperatures of the solid solution oxides are almost the same as
those of the end members.
Table 2-4 Synthetic results of A2+2B2+Wl_yMoy06 double perovskite-type oxides1)
Type B2+
Yin A2+2B2+Wl_vMov06
0 0.25 0.5 0.75 1.0
Mg* SP(l250) SP(l275) SP(l250)
Ca* SP(llOO) SP(llOO) SP(1200)
Ba2+2B2+W l_yMoy0 6 Co SP(lOOO) SP(lOOO) SP(lOOO)
Ni SP(llOO) SP(llOO) SP(llOO)
Cd SP(900) SP(900) SP(900)
Mg SP(llOO) SP(llOO) SP(llOO) SP(llOO) SP(llOO)
Ca SP(llOO) SP(l050) SP(lIOO)
Sr2+2B2+WI_yMoy06
Co SP(l200) SP(l200) SP(l150)
Ni SP(llOO) SP(l150) SP(llOO)
1) Compounds marked with * were synthesized by ceramic method, and the others by
evaporation to dryness method. SP = single phase. Numeral in parentheses is the
synthesis temperature (OC).
Note: All the solid-solution oxides are new compounds.




2+W06. The results are summarized in Table
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2-5. The single phase compounds were obtained for all the oxides investigated. The
synthesis temperatures were comparable to those of end members. If the synthesis
temperature of each end member was different, the synthesis temperature of the solid-
solution phase was the same or close to the higher temperature.
Table 2-5 Synthetic results of BaSrB2+W06 double perovskite-type oxides
1
)
Ba-end member Solid solution Sr-end Member
Ba2MgW06 BaSrMgW06* Sr2MgW06
(1250 °C, 30 h) (1250 °C, 20 h) (1100 °C, 30 h)
Ba2CaW06 BaSrCaW06 Sr2CaW06
(1100 °C, 10 h) (1100 °C, 30 h) (1100 °C, 40 h)
Ba2CoW06 BaSrCoW06# Sr2CoW06
(1000 °C, 5 h) (1150 °C, 20 h) (1200 °C, 10 h)
Ba2NiW06 BaSrNiWO/ Sr2NiW06
(1100 °C, 30 h) (1100 °C, 30 h) (1100 °C, 20 h)
Ba2CuW06 BaSrCuW06# Sr2CuW06
(900°C, 30 h) (950 °C, 40 h) (950°C, 20 h)
Ba2CdW06 BaSrCdW06# Sr2CdW06
(900°C, 10 h) (950°C, 30 h) (950 °C, 40 h)
1) Compounds marked with * were synthesized by the ceramic method, and the others by
the evaporation to dryness method. #; New compound.
The synthesis of solid solution phases with respect to B2+ cations was tried with the
following combinations with keeping one end member being A2\CaB6+06 •
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Chapter 2 Synthesis of Ordered Perovskite-Type Oxides Containing Tungsten and Molybdenum
The single-phase oxides were never formed in any combinations, though the single phases
of the both end members could be obtained. One possible explanation is that ionic radius
of Ca2+(1.0 A) in one end member and that of Mg2+(0.72 A), C02+(0.745 A) or Ni2+(0.69
A) in the other end member are too different to occupy the same crystallographic site. If
the B2+_B'2+ combination with comparable ionic radii will be used, single-phase solid
solutions might be formed.
In Sections 2.3 and 2.4, double perovskites containing only divalent A-site cation(s)
have been investigated. In this section, synthesis has been tried on the other W- and Mo-
containing double perovskites which have two kinds of A site cations with different
valences; A+A3+B2+B6+06 and A
2+A3+B+B6+06. The synthesis of NaBaCoW06 and
NaBaFeW06 (A+A
2+B3+B6+06) was also tried, but the both could not obtained as single-
phase compounds.
Compounds with A3+=La were synthesized, and their synthesis results are shown in
Table 2-6. The oxides, which were obtained as single phases, were only NaLaMgW06,
NaLaCoW06, and KLaMgW06. Single phase oxides were not obtained in the Mo system,
which may coincide with the fact that the Mo compounds of the A2+2B2+B6+06 type was
more difficult to synthesize as compared with the corresponding W compounds (Section
2.3). The tolerance factors (t) of oxides succeeded in synthesis range between 0.945 and
0.995, while those of oxides failed in synthesis do between 0.94 and 1.00. This may
indicate that the stability range of A+A3+B2+B6+06type double perovskites is not determined
27
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Chapter 2 Synthesis of Ordered Perovskite-Type Oxides Containing Tungsten and Molybdenum
only by the geometric factor. It should be mentioned that the crystal structure of
A+A3+B2+B6+06 is very complicated because cation ordering appears both at A-sites (layered
type between A+ and A3+) and B sites (rock-salt type between B2+and B6+).
Table 2-6 Synthetic results of A+A3+B2+B6+06 double perovskite-type oxides
~ Mg Co Ni Cd ZnType
NaLaB2+W06 1100 °C, 10 h 900°C, 20 h X X X
KLaB2+W06 1100 °C, 20 h X X X ---------NaLaB2+Mo06 X X ---------- --------- ---------
The synthesis of the oxides was carried out by the ceramic method, and the synthesis
temperature could not be raised above 850°C. If the synthesis temperature exceeded
above 850 °C, serious reaction between a ceramic crucible and solid reactants occurred.
Although it was difficult to remove impurity phase(s) completely due to low calcination
temperature, the four compounds listed in Table 2-7 could be judged to be synthesized.
For BaLaB+W06, a single phase compound was not obtained with B+=K but with B+=Li
and Na. This is natural that K ion is too large to occupy the B-sites of the double
perovskite structure. The reason why BaLaNaW06 was synthesized and SrLaNaW06 was
not might be explained by the tolerance factor; the tolerance factor of the former (t = 0.928)
is larger than the latter (t = 0.900).
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Table 2-7 Synthetic results of A2+ A3+BtS 6+06 double perovskite-type oxides
l
) 
~ Type Li (0.76 A)2) Na (1.02 A)2) K (1.38 A)2) 
BaLaB+W06 850°C, 40 h 850°C, 30 h X 
BaLaB+Mo06 850°C, 20 h --------------~ SrLaB+W06 850°C, 20 h X 
1) All the compounds were synthesized by the ceramic method. 
2) Ionic radius in the 6-fold coordination is shown in parentheses. 
2.6 Synthesis of nonstoichiometic double perovskites containing Wand Mo 
Double perovskites so far described are all stoichiometric compounds; the presence of 
oxide ion vacancies is not expected from the charge neutrality consideration (sum of charge 
of cations is equal to 12). It would be significant if the oxygen-deficient double 
perovskites could be synthesized, because the physical and chemical properties of 
perovskites are largely influenced by the presence of oxide ions. So far, only limited 
number of papers has been reported on the synthesis of oxygen-deficient double 
perovskites containing Wand Mo. For example, Thangadurai et al [32] synthesized a 
series of A2\B+B6+0SS (A
2+=Ba, Sr; B+=Li, Na; B6+=W, Mo, Te) and used them as oxide ion 
conductors. Here, in addition to the A2\B+B6+OS5 type, new approach to obtain oxygen-
deficient compounds has been tried, that is, the synthesis of partially substituted systems; 
A2+ A+ B2+B6+0 d A?+ B2+ B+ B6+0 2-x x 6-x/2 an - 2 I-y Y 6-yl2' 
2.6.1 Synthesis of A 2+ 2B2+B6+0S.S double perovskite-type oxides 
A senes of A2+ B+B6+0 (A2+=Ba Sr Pb' B+=Na Li' B6+=W Mo) were tried to 2 5.5 .,.,., .,., ., 
synthesize, but only Ba2LiWOss, Ba2Na WO ss , Ba2NaMoOss and Sr2Na WO ss were obtained 
(See Table 2-8). Possible relation between the synthesis results and oxide composition, 
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ionic size etc. was not observed. 
Table 2-8 Synthetic results of A2\B+B6+OS5 double perovskite-type oxides 
Succeeded 
Failed 
Ba2LiWOs5 * (800°C, 30 h) 
Ba2Na W055 (900°C, 20 h) 
*; The ceramic method. 
Ba2NaMo055 (900°C, 20 h) 
Sr2Na W055 (900°C, 20 h) 
2.6.2 Synthesis of A2\_xA\B2+B6+06_x/2 and A2+2B2\_yB\B6+06_Y/2 double 
perovskite-type oxides 
As another approach to obtain oxygen-deficient double perovskites, the synthesis of 
pm1ially substituted systems has been tried. By taking A2\B2+B6+06 (B
2+=Co, Cd) as host 
compOlmds, the partially substitution by alkaline metal ions was investigated. No single-
phase compound was obtained with B2+=Co, but some compounds with B2+=Cd were 
obtained as single-phase compounds (Table 2-9). In almost all the cases, synthesis 
temperatures of compounds containing alkali metal ions could not be raised above 1000 DC, 
so that the host perovskites which can be synthesized at lower temperatures are convenient 
for the purpose of the partial substitution of alkali metal ions; synthesis temperatures are 
900-950 °C for A2\CdB6+06 and 1000-1200 °C for A
2+2CoB
6+06 (A
21 =Ba, Sr, Ca). 
Accordingly, it is recognized that compounds partially substituted with alkali metal ions 
were obtained with A2\CdB6+06 but A
2\CoB6+06 . 
In cases of partial substitution of A+ in the Ba2CdW06 system, Ba2\_xA\CdW06_x12' (1-
6), single-phase compounds were obtained not with A+=Li (1) but with A+=Na (2) and K 
(3). This is due to that Na (1.02 A) and K (1.38 A) ions can be accommodated in 12-fold 
coordination environment (A site) while Li ion (0.76 A) is too small to occupy the A 
cationic sites. Instead, It was possible to synthesize the Li-substituted oxides for Cd2+ (7). 
30 
Chapter 2 Synthesis of Ordered Perovskite-Type Oxides Containing Tungsten and Molybdenum
Since the A-site substituted oxides at higher x value (A+=Na; x=0.5 (4), 0.8 (5): A+=K,
x=O.4 (6)) were not obtained as single phase compounds, the substitution limit at A-sites is
considered to be as low as 0.2. For the Mo systems, Ba2+o.gA+o.2CdMoOs.9, single-phase
oxide could be synthesized only with A+=K (10).
Table 2-9 Synthetic results of Ba2+2_xA+xCdW06_x/2 and Ba2Cd1_yB+yB
6+06_Y/2
No. Compounds Single phase Synthesis condition
1 (Ba1.gLio.2)(CdW)Os.9 X
2 (Ba1.gNaa.2)(CdW)Os.9 0 950°C, 70 h




7 (Ba2)(Cdo.gLio.2W)OS.9 0 950°C, 20 h
8 (Ba1.gLio.2)(CdMo)OS.9 X
9 (Ba1.8Naa.2)(CdMo )OS.9 X
10 (Ba1.8Ko.2)(CdMo)OS.9 0 950°C, 30 h
2.7 Synthesis of 2:1 ordered triple perovskites containing Wand Mo
Ordered perovskites described in Sections 2.3 to 2.6 are all classified in the double
perovskites with the 1: 1 ordering of two kinds of B site cations. As another type of
ordered perovskites containing Wand Mo, triple perovskites with the formula of
A2\B3+2B6+09 have been tried to synthesize in this section.
The synthetic results are summarized in Table 2-10. Except for Pb3Fe2W09, the oxides
obtained in a single phase were those containing Co as B3+. The calcined products of the
Ba-Fe-W-O system at 1100 °C contained Ba3Fe2WOg.4 [33] as a main crystalline phase, but
the impurity phase of Ba2WOs was never removed. For the other systems, impurity
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phases were BaCr04 (Cr
6+), BaMn03 (Mn4+), Ce02 (Ce
4+) and BaTi03 (Ti
4+). Accordingly, 
the difficulty that the reduction of those higher valence ions into trivalent state under the 
present synthesis condition should be a reason why single-phase A2\B3\B6+09 compounds 
were not obtained with B3+ = Cr, Mn, Ce and Ti. 
























3+ 2Mo09 X 
Pb3B
3\W09 

















In this chapter, various types of ordered perovskites containing Wand Mo have been 
synthesized. The important results obtained here can be summarized as follows. 
1) For the A2+2B2+B6+06 double perovskites, systematic series of compounds, including 
some new compounds were successfully synthesized. The range of the double 
perovskite formation depended significantly on all of constituent metal cations and it 
was discussed on the basis of ionic size and tolerance factor. The synthesis 
temperature was con'elated well with the melting point of the simple metal oxide of B2+ 
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2) The synthesis of the following solid-solution phases were investigated; 
a. A2\B2+WI_yMoy06 system (A2+2B
2+W06- A
2\B2+Mo06) 





C A2+ B2+ B,2+ B6+0 system (A B2+B6+0 - A B,2+B6+0 ) . 2 0.5 0.5 6 2 6 2 6 
For the first two systems, solid-solution phases were successfully synthesized if the 
both end members could be obtained as single phase compounds. For the last system, 
however, single phase compounds were not obtained because the difference in ionic 
size of B2+ (Ca) and B,2+ (Mg, Co, Ni) were too large to occupy the same 
crystallographic site. 
3) The synthesis of the partially substituted A2\_xA\B2+B6+06_X/2 and A2\B2\yB\B6+06_Y/2' 
which should have oxygen-deficient composition, was first succeeded in this study. It 
was found that the substitution of larger Na+ and K+ and that of smaller Li' were 
possible for A- and B-sites, respectively, and the substitution limit was as low as 10%. 
4) Also investigated was the synthesis of A+A3+B2+B6+06, A2+A3+B1B6+06 and 
A2\B2+B6+055 double perovskites as well as A2\W\B6+09 triple perovskites, and the 
composition, which gave a single phase under the present experimental condition, was 
clarified. 
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3 of
3.1
In Chapter 2, a variety of ordered perovskites in different types were synthesized, and
their crystal structures have been investigated by X-ray diffraction analysis in this chapter.
The success in the synthesis of systematic series of oxides made it possible to examine the
relation between the oxide composition and crystal structure. The systematic
investigation of crystal structures of double perovskites led to the proposal of a new fitness
factor [1] which can discriminate the crystal structure more exactly than the well known
tolerance factor [2].
3.2 Experimental
Powder X-ray diffraction (XRD) patterns of polycrystalline ordered perovskite oxides
were recorded at room temperature on Rigaku RINT-2200VL (30 kV, 16 mA) using CuKa
radiation. Determination of crystal symmetry and the calculation of lattice parameters
were carried out with PIRUM program [3] in a personal computer.
3.3 Crystal structure of A2+2B2+B6+06 double perovskites
36
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Fig. 3-1 XRD patterns of representative A2BB'06 double perovskites
3.3.1 Unit cell types
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Figure 3-1 shows typical XRD patterns of double perovskites in different crystal
symmetries. A2+2B2+B6+06 type oxides should have the ordered structure because the
charge difference between B2+ and B6+ are four [4], and there are three possible ordered
arrangements of B2+ and B6+ ions [5]: (i) ordered alternation of B2+06 and B
6+06 octahedra
in one direction, leading to the formation of a "layered" (through three-dimensional)
perovskite; (ii) ordered alternation of B2+ and B6+ in two directions to yield a perovskite
formed by parallel chains of B2+06 and B
6+06octahedra; and (iii) ordered alternation in the
three directions of space, resulting in the well known "rock-salt" type of superstructure.
The XRD patterns in Fig. 3-1 clearly show that these compounds crystallized in the rock-
salt ordered structure (Fig. 3-2). For instance, superlattice lines of 111, 311, 331, 511 and
531 in Ba2NiW06are characteristic to the rock-salt ordered cubic structure [4].
Fig. 3-2 Crystal structure model of A2\B2+B6+06double perovskites with the rock-salt
ordering of larger B2+ and smaller B6+ cations.
From the powder XRD results, the cell parameters were refined with the PIRUM
program [3]. Lists of indexed reflections of Ba2NiW06, Sr2NiW06 and Ca2NiW06 are
shown in Table 3-1, 3-2 and 3-3, respectively, as representatives crystallized in cubic,
tetragonal and orthorhombic structures; their XRD patterns corresponds to A, C and E in
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Fig. 3-1, respectively. Lists of indexed reflections of new compounds are summarized in
Appendix. The crystal system and cell parameters of A2+2B2+B6+06 double perovskites are
summarized in Table 3-4 together with synthesis conditions.



























































Table 3-2 Indices, observed and calculated 28, observed d values and relative
intensities for Sr2NiW06
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Table 3-3 Indices, observed and calculated 28, observed d values and relative 
intensities for Ca2NiW06 
Ca2NiW06 Orthorhombic 
a = 5.419(2) A, b = 5.544(1) A, c = 7.707(4) A 
V = 231.62 A3 
h k 28 (observed) 28 (calculated) d (observed) I1Io 
0 1 1 19.66 19.706 4.5119 44 
1 0 1 20.00 20.012 4.4360 34 
1 1 0 22.90 22.928 3.8804 72 
0 2 0 32.24 32.265 2.7744 36 
1 1 2 32.72 32.744 2.7347 100 
2 0 0 33.06 33.029 2.7074 38 
1 2 1 38.24 38.260 2.3517 14 
2 1 1 
1 0 3 38.76 38.756 2.3214 22 
0 2 2 40.04 40.032 2.2500 4 
2 2 0 46.86 46.844 1.9372 46 
0 0 4 47.16 47.126 1.9256 24 
0 3 1 50.76 50.758 1.7972 4 
1 2 3 5l.30 51.288 1.7795 6 
3 0 1 51.94 51.945 1.7591 4 
1 3 0 52.24 52.253 1.7497 10 
1 1 4 53.00 53.031 1.7264 12 
1 3 2 57.86 57.841 1.5924 20 
0 2 4 58.32 58.266 1.5809 16 
2 3 1 61.92 61.902 1.4974 6 
1 0 5 62.58 62.599 1.4831 8 
0 4 0 67.52 67.520 1.3861 6 
2 2 4 68.60 68.631 1.3669 10 
Table 3-4 Crystal structures of A2+2B2+B6+06 double perovskites 
Compound 
Synthesis Crystal Cell parameters 
condition Symmetry (A for cell edges) 
~~~~~g ...... 1250 °C, 30 h Cubic ........... ........ ... ....... ...........':l~~:Q?}(l) ......................................... 
B2+=Ca 1100 10 h Cubic 
1100 °C, 20 h Monoclinic 
a=6.096(3), b=6.023(5), c =8.676(6) 
B2+=Sr 
.. .. ............ .1}gQ~~,}Q~ Orthorhombic':l~2:Q??(?),?~2:Q?gQ),<?~?:?~?(~) 
.............. ~.g?g~~,}g~......... Orthorhombic ...':l~2:9??(D,?~~:§}?Q),~~?:2}?(?) .......  
.. . ..1g?g~~,~g~ ..!~~E':lg<?~':ll':l~?:§??(~)?<?~}§~?}(D 
1050 °C, 20 h 
a=6.059(5), b=5.337(3), c=6.882(5) 
T riclinic ........... ..... ..<=.t:~~7~4§(4)~,~~?9:?}(4)~?y~??:??(4t 
1000 °C, 5 h Cubic a=8.096(2) 
1100 °C, 30 h Cubic a=8.051(2) 
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(A for cell edges) 
........................ .. ?99~g,~9~ ........... I~~E~g~!1:~l .. ........ ......... ..~~? :?~~(}),~o==?:~}9Q) .. 
900 20 h Cubic 
1000 DC, 30 h Cubic a=8.llO(1) 
1?~=~lY!g ..................... )}?g~g,?~ . Cubic 
B2+ =Ca 1200 10 h Cubic 
...................................................................................................................................................... 0 .. ' .............................. . 
B2+ =Co 1000 20 h Cubic 
...........................••....•.••.•••••..•..•..•..•..•..•..•.•..•...................•......•..••••••.•...•.•...•..•....•.................. " •.••.••.•..................•.•...•••••.•..................••....•...•......••••.•. 
5 h Cubic 
Cubic 
1000 DC, 30 h Cubic a=8.098(1) 
1?~:C~lY!g .. . .. 11 99°g,}9~I~~E~gg!1:~~ ........ .......~o==?:~g?Q),~~7:??lQ) 
B2+=Ca 1099~g,}g~ Orthorhombic ........ ~o==?]?~Q),~o==?:?~g(D,~~?:1?7?(}) 
B2+ =Co . .. .}?gQ~g,}g~ .......... I~~~~gg!1:~l .~~?:???(1),~~7:?79Q) ......  
B 2+= N i .. .. .....1}99~g,?9~I~~~~gg!1:~~ .~~?:??}(?),~~?:?+~(~) ..... . 
B2f=CU 950°C, 30 hI~~~~gg!1:Cl~ .~~?:(:)7?(D,~~?:~9~(D ... . 
B2f =Cd 95g~g?~g~ ............ I~~EClgg!1:~l... ..~~?:~Q?(?),~~?}}?(?) .. 
B2+=Zn 1000 DC, 30 h Tetragonal a=5.593(2), c=7.973(3) 
1?=C~lY!g ............... . 1}99~g2~9~ ..I~~~Clgg!1:Cl~~~?:???Q),~~7:~??Q) .. 
B2+ =Ca 1 0?g~g, .. ~5 .. ~....... Orthorhombic ..~~?:??g(?),~~?:~?gQ),~~?:17}(?1 
B2+=CO 
1050 10h Cubic a=1 
1050 DC, 30 h Triclinic 
a=4. 93(1), b=6.225(9), c=7.41 (2) 
a=89.1(1)0, R=82.7(1)0, =81.8(1)° .......................................................................... .1::' .................................................... 1 .......................................... . 
1159 DC, 251!I~~~~gg!1:Cll':l:??~?Q),~~7:?~}{?J ... 
1100 DC, 40 .. ~I~~E~ggl!C:tlCl~?:?~(:)~Q),~~7:???(}) 
1000 DC, 30 h Tetragonal a=5.577(1), c=7.971(3) 
........ 1?~.c~lY!g ................... 1.9?Q~g,~g~ OrthorhombicCl~?:?}7(}),~~?:~)?(1),~~7]}~Q) ..... . 
a=5.537(1), b=5.793(2), c=7.992(2), 
1 Monoclinic 
1050 DC, 40 h 
B2+=CO ............................... !g?Q~g,}Q~ .. Orthorhombic ........... ':l~?:??}(D,~~?:~??(D,E~7]~?(?) ..... . 
B2+=Ni 1050 DC, 20 h Orthorhombic a=5.544(l), b=5.419(2), c=7.707(1) 
~~7~~=~Q§. 
........ 1?~=~lY!g . 
B2+=CO 
75g~g,}g. ~....... Orthorhombic ...':l:?:~7?(?),~~?:(:)??Q),~~7.???(~). 
8 5Qog,lg ~I~~E~g~!1:Cl~ ......... ...........':l:?:~7?(?),~~7:?5§(?) 
Monoclinic 
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a=5.882(2), b=5.876(4), c=8.298(2) 
8=91.76(4)° 
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For Ba2Ba W06, Ba2SrW06 and Sr2SrMo06, two or more unit cell types were obtained 
depending on synthesis condition, and sometimes the unit cell volume was larger than the 
other double perovskites. This may indicate that crystal structures of these compounds 
are not so stable or difficult to settle down to the most stable structure. As stated later, 
this would be due to the small r(A2+)/r(B2+) ratios. For the other compounds, only one 
unit cell type was found for each sample. Although the crystal symmetry ranges from 
cubic to monoclinic, they can be categorized in two groups with respect to the unit cell 
size (Table 3-5); one is 2a" type and the other is ~2apx~2apx2ap type where ap is the lattice 
constant of cubic perovskite of the primitive AB03 type (a" >::; 4A). The models of the 
unit cell types are shown in Fig. 3-3. 
Table 3-5 Unit cell types of A2\B2+B6+06 double perovskites 





gonal rhombic clinic 






Sr2CuW06 Sr2MgW06, Ba2CoW06 Sr2CaW06 
Sr2NiW06, SrZCdW06 
................................... .. ?T2:i':flyyq§ . 





Pb2CoW06 Pb2MgW06 Pb2CdW06 
As can be recognized from Table 3-5, the unit cell types and crystal symmetries are 
determined almost exclusively by the sort of A2+cations. Except for A2CuW06, A2CaW06 
and Pb2B
2+W06, all the compounds with A2+=Ba crystallize in cubic 2a" type, those with 
A2+=Sr in tetragonal ~2a"x~2apx2a" type, and those with A2+=Ca in orthorhombic 
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Fig. 3-3 Unit cell types of A2BB'06 double perovskite-type oxides.
(A) 2ap type with Vuc~ 8Vprimitive' (B) 2apxv'2apx2ap type with Vuc~ 4Vprimitive'
V u6 unit cell volume, ap and V primitive are cell parameter and volume of
primitive ABO} perovskite.
v'2~xv'2~x2~ type. Pb2B
2+W06 compounds have v'2~xv'2~x2~ type unit cells and the
crystal symnletry depends on the sort of B2+ cations. Two Cu-containing compounds
show a tetragonal distortion with cia>1 due to a cooperative Jahn-Teller effect of Cu2+(3d9),
which results in the elongation along one axis of octahedron [5,6]. The compounds with
A2+=Ca have unit cells with lower symmetry; orthorhombic Sr2CaB
6+06 vs. tetragonal other
Sr2B
2+B6+06 and monoclinic Ca2CaW06 vs. other Ca2B
2+W06• This would be ascribable
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to the larger ionic radius of Ca2+or small r(A2+)/r(B2+) ratio.
It was reported [3] that only cubic (2~) and monoclinic C'J2~x-v2~x2ap) unit cells occur
in double perovskites with the rock-salt sublattice. In the present study, however,
tetragonal and orthorhombic unit cells of the -V2~x-V2~x2~ type were also observed. The
reason is not clear at the present, but the difference in crystal symmetry can be
satisfactorily explained from the size of constituent cations or more exactly by fitness

















Ionic radius of B2+ cation / A
Fig. 3-4 Primitive perovskite parameter (ap) of A2+2B2+B6+06-type double perovskites
as a function of ionic radius of divalent B2+cations.
See text how to calculate ~.
Cell parameters
The difference of unit cell size of A2\B2+B6+06 can be satisfactorily understood from
ionic size of constituent metal cations. Fig. 3-4 shows the relationship between the
primitive perovskite parameter (~) and the ionic radius [7] of divalent B2+cations. Values
of ~ were calculated from (V
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~2~x~2~x2~ type compounds, where Vue is the unit cell volume of the original double
perovskites. As expected, the cell size increases with increasing the radius of B2+cations
in each series of oxides. The same trends are also observed in Ca2B
2+W06 and
Pb2B
2+W06. Also found from Fig. 3-4 is that the unit cell size of the W series compounds
is larger than that of the corresponding Mo series compounds, being consistent with the
ionic size difference of W > Mo. Moreover, in accordance with ionic size difference of





2+B6+06for a give pair of B
2+and B6+.






Cell parameters / A
............l.?.~=.:.~g .!..?.?..?. ~g..'. }.9. ~....... Cubic ~:.?~..9.?..!..<.?.2. .
B
2
+=Ca !...!..9.9. ~g.'. ?.9...h. Cubic ~:.?~}..?.?.(;D .
B
2
+=Co !..9.9..9. ~g.'. ~.9. ..~ Cubic ~:.?~..9.?..~..?.<.~2. .
B
2
+=Ni !...!.9.9. ~.g.'. .?.9. ~....... Cubic ~:.?~..9.?.}(D .
B2+=Cd 1000 DC, 30 h Cubic a=8.3360(8)
...........l.?.~=:.~g..... . !...!..9.9. ~.g.'. ?Q ~ .I~!E~g?.~~~ ~:.?~.~.Q}(?)'. ~.:.?: ..?..??.(~.2.. .
B2+=Ca !..9.?..9. ~g.'. ~.9. ..~ Orthorhombic ~:?~..?~.~.<.!.2.'. ~:.?.:.?..~..?.Q..2.'. ~.:.?...:..!...?}(~.2.. .
B2+=Co J?.9..9. ~g..'. ?..Q. ~ .I~!E~gg.~~~........ . ~:?:..~.~ ~.(~2.'. '?:.?~ ..?.?..?.(~2. .
B2+=Ni 1150 DC, 40 h Tetragonal a=5.587(2), c=7.852(2)
...........y..:.9..:.??. !...!..9.9. ~.g.'. ~.9. ~ I~!E~g?.~~~ ~:?~ ..~..~..~(?)'. ~.:.?:.?..?.}.(~.2 .
y=0.75 1000 DC, 60 h Tetragonal a=5.601(4), c=7.883(3)
Crystal
XRD pattern of Sr2NiWo.sMoo.s06 is depicted in Fig. 3-1D as a representative of
Sr2NiW06(Fig. 3-1 C) gave almost the same XRD patterns implies that in the solid-solution
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compounds W6+ and Mo6+ ions randomly occupy the smaller octahedra and they form the
rock-salt sublattice with larger B2+06octahedra. This is acceptable because ionic sizes of
W6+(0.60 A) and Mo6+(0.59 A) are very close each other.
Crystal symmetry and cell parameters of A2\B2+WI_yMoy06 solid-solution compounds
are shown Table 3-6. All the compounds with A2+=Ba crystallized in the cubic 2ap type
structure, Sr2CaWo.sMOO.S06 did in the orthorhombic ~2~x~2~x2~ type structure, and the
other Sr series oxides did in the tetragonal ~2~x~2~x2ap type structure. The crystal
symmetry of the solid-solution compounds is exactly the same as those of the end members,
W-only and Mo-only compounds.
Unit cell sizes of all the 1: I solid-solution compounds, A2\B2+WO.sMoo.S06' are in-
between those of end members, A2\B2+W06and A
2\B2+Mo06. As shown in Fig. 3-5, the
unit cell size of Sr2MgWI_yMoy06 decreases with increasing y value except for a reversal












0.00 0.25 0.50 0.75 1.00
3.5
Fig. 3-5 Dependence of cell volume of Sr2MgWI_yMoy06 on the composition
of Wand Mo. Tetragonal ~2apx~2~x2ap type unit cell.
Crystal structure of A2+ A+ B 2+B6+0 and A2+ B 2+ B+ B 6+02-x x 6-x/2 2 l-y Y 6-y/2
double perovskite-type oxides
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Fig. 3-6 XRD patterns of AlB-site partially substituted double perovskites.
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Chapter 3 Structural Investigation of Ordered Perovskite-Type Oxides Containing Tungsten and Molybdenum 
In Fig. 3-6. Their XRD patterns are close to that of Ba2CdW06, and they can be 
satisfactorily indexed in a 2~-type cubic structure. The appearance of superlattice lines, 
111 and 311, evidences the rock-salt arrangement of B site cations, indicating that the 
arrangement is not destroyed by the partial substitution at A site and even at B site. No 
superlattice line is observed for BalsKo2CdW059, and therefore it is possible to index its 
XRD patterns on the basis of a cubic structure with cell edge close to~. In this study, 
however, BalSKo2CdW059 is considered to be the double perovskite because no positive 
reason can be found why the arrangement is destroyed. It is supposed that the superlattice 
lines are too weak to be observed probably due to the difference in X-ray scattering factor. 
Crystal symmetry and cell parameters of the partially substituted compounds are shown 
Table 3-7. All the substituted oxides crystallized in a 2,vtype cubic structure as their host 
(unsubstituted) oxides. Excepting BalsKo2CdW059' the cell constants vary in accordance 
with ionic size; K+ > Ba2+ > Na+ and Cd2+ > Lt. 
Table 3-7 Crystal structures of partially substituted double perovskites 
Compound Synthesis condition Crystal symmetry Cell parameters / A 
...... ~~2g~~Q9 Cubic ..................~~~:?}~(?) .............  
Ba18Nao2CdW059 950 70 h Cubic a=8.323 ............. :.:: ................ : .•. ~ .................................... c.: ..................................................................................... ...... w.c ................................................................................................................................... . 
....... ~~L&~Q)g~~Q;;9 . ..??9.~g,~Qh Cubic ................................ ~~~}??(?1 
Ba2CdosLio2W059 950°C, 20 h Cubic a=8.329(1) 
~~2g~J\4gQg . 900°C, 40 h Cubic ............. ............................ ~~~}g?}Q) 
BalsKo2CdMo059 950 °C,30h Cubic a=8.322(2) 
Figure 3-7 shows XRD patterns ofBa2NaW055 and Sr2NaW055 which indicate that both 
oxides crystallize in a 2ap-type cubic structure. The reflections can be satisfactorily 
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indexed on the basis of a unit cell size with 2a", and the appearance of superlattice lines of 
111, 311, 331, 511, 531 indicates that Ba2NaWOss and Sr2NaWOss have the rock-salt 
arrangement between Na+ and W6+ cations in B-site. This also indicates that the presence 
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5 15 25 35 45 55 65 
28/ degree 
Fig.3-7 XRD patterns of A2NaWOss double perovskites (A=Ba, Sr) 
Crystal symmetry and cell parameters of A2\B2+B6+0S5 are shown Table 3-8. All the 
oxide crystallized in the cubic 2a" type structure. The differences in the unit cell size of 
Ba2NaWOss > Ba2LiWOs5 and Ba2NaW055 > Sr2NaW055 are consistent with that in the 
ionic radius ofNa > Li and Ba > Sr. In the A2\B2+B6+06 compounds (Section 3.3), the Sr 
series compounds generally have the tetragonal unit cell of the ,j2a"x,j2a"x2a" type. In 
contrast, Sr2NaWOS5 crystallizes in the cubic 2ap type structure. 
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900°C, 20 h. ,..,
900°C, 20 h
Crystal symmetry Cell parameters I A
Cubic ..u ~~.?.~..?...9.~.<~) .
Cubic a=8.1
Cubic uu uu ..~~?u}..9.~.<~) 'uuu.
Cubic a=8.148(2)
3.7 Crystal structure of double perovskites two kinds of A site cations
Three types of double perovskites with stoichiometric composition and different A site
cations, have been synthesized in this study; A2+A,2+B2+B6+06, A
2+A3+B+B6+06 and
A+A3+B2+B6+06• All types of oxides are expected to have ordering of B site cations
because the charge differences are four or five. For A+A3+B2+B6+06 compounds with the
A-cation charge difference of two, the layered ordering of A+and A3+occurred in addition
to the B site ordering, giving a complicated structure.
XRD pattern of BaSrCdW06 (Fig. 3-8A), coupled with the appearance of superlattice
lines of 111, 311, 511, shows that this compound have the rock-salt ordered structure with
respect to B site cations. The fact that BaSrCdW06 and Ba2CdW06 gave almost the same
XRD patterns indicates that Ba2+ and Sr2+ ions are distributed randomly in the oxygen-
cubooctahedral cavities (A sites).
The crystallographic parameters are listed in Table 3-9. BaSrCuW06 has the tetragonal
2~ type unit cell with cia> 1 (c/a=1.087) owing to the Jahn-Teller distortion of Cu2+(d9)
ions [4,6]. All the other compounds have the cubic 2~ type unit cell. As stated in
Section 3.3 (Table 3-5), Ba2B
2+W06 compounds (B
2+=Mg [8], Ca [8], Co, Ni, Cd)
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crystallize in the cubic structure, while for Sr2B
2+W06, both orthorhombic (B
2+=Ca) and
tetragonal (others) structures occur. Accordingly, it can be concluded that the crystal
symmetry of the solid-solution between Ba2B
2+W06 and Sr2B
2+W06 is the same as the Ba
compounds probably due to the larger ionic size of Ba than Sr.
NaLaMgW06 Monoclinic
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Fig.3-8 XRD patterns of AA'BB'06 double perovskites.
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Compound 





Table 3-9 Crystal structures of BaSrBW06 double perovskites 
Synthesis condition Crystal symmetry Cell parameters / A 
1250 °C, 20 h 
........................................................ Cubic ..................... ~==.'7~???(?1 ..  
1100 30 h Cubic 
1150 20 h Cubic 
1100 730 h Cubic 
. ??9~~,~9~ .................................................. I<?!~~g?~Cl} 
900°C, 30 h Cubic 
450 500 
Cell volume / A3 
.............. .......... ~==.'7~7?:3Q},~==.'~:~??(~} 
a=8.294(2) 
550 600 
Fig. 3-9 Cell volumes of Ba2B
2+W06, BaSrB
2+W06 and Sr2B
2+W06 double perovskites. 
Cell volumes are calculated by a3 and a2c for the 2~ type structure, and by 2a2c 
and 2abc for the ,J2~x-02~x2~ type structure. 
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double perovskites. In each system with the same B site cations (B2+ and W) , the cell 
volume increases as Sr2BW06 < BaSrBW06 < Ba2BW06, being in accordance with the 
ionic radius difference, Sr < (Ba+Sr)/2 < Ba. The order of the cell volume of 
BaSrB2+W06 is consistent with that of ionic size of W+ except for the Cu compound; Ca 
(1.0 A) > Cd (0.95 A) > Cu (0.73 A) > Co (0.745 A) > Mg (0.72 A) > Ni (0.69 A). The 
reversal of the Cu and Co compounds is ascribable to the lahn-Teller distortion ofCu2+ ion, 
which results in the enlargement of octahedron in one axis and therefore the cell volume. 
All of A2+A3+B+B6+06 compounds synthesized in this study crystallized in a monoclinic 
structure (Table 3-10). XRD pattern of BaLaLiW06 is depicted in Fig. 3-8(B) as a 
representative. The XRD pattern could be indexed on the basis of the monoclinic 
--J2~x--J2~x2~ unit cell, and the presence of superlattice lines of 010,011,013,031 and 
033 (Okl: k=2n+l) is indicative of the rock-salt arrangement between Lt and W6+ in B-site 
[9]. Differences in the unit cell size of BaLaNaW06>BaLaLiW06 (Na>Li), 
BaLaLiW06>SrLaLiW06 (Ba>Sr) and BaLaLiW06>BaLaLiMo06 (W>Mo) are consistent 








850 DC, 40 h 
850 DC, 20 h 
850 DC, 30 h 
850 DC, 20 h 
Crystal symmetry Cell parameters / A 
Monoclinic 
a=5.69(l), b=5.676(3), c=8.044(5) 
Monoclinic 
a=5.56(1), b=5.63(1), c=7.97(1) 
1 
Monoclinic a=5.634(8), b=5.756(4), c=8.057(9) 
.................~~??:~?(?t 
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A large number of double perovskites A2BB'06 have been so far synthesized, and they
have ordered distribution of two type of Band B' cations when large differences in both
their charges and ionic radii exist [4]. However, an ordered arrangement of A and A' ions
at the twelve-coordination sites in AA'BB '06perovskites is found in a very limited number
of compounds [10]. These compounds are considered to have a layer-like ordering of A
and A' ions in A sites in addition to the rock-salt ordering of Band B' cations (See Fig.
3-10).
Fig.3-10 Crystal structural model for AA'BB'06 double perovskites with the layer-like
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Table 3-11 Crystal structures of A'A3+B2+B6+06 double perovskites 
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Crystallographic data of NaLaMgW06, NaLaCoW06 and KLaMgW06 are summarized
in Table 3-11. They have a monoclinic -V2apx-V2~x2~ unit cell as for A2+A3+B+B6+06
compounds (Section 3.7.2). As can be seen from Fig. 3-8(C), however, XRD pattern of
NaLaMgW06 was very much different from that of BaLaLiW06• The most characteristic
point is the appearance of relatively strong 001 reflection at about 7.88 A for NaLaMgW06,
which is indicative of a doubling of the c-axis and it is compatible with an ordering ofNa+
and La3+along alternate ab-planes [10]. The presence of the 111 superlattice line indicates
the rock-salt arrangement of Mg2+and W6+cations in the octahedral sites, while that of the
013 reflection evidences the monoclinic symmetry with B-site cation order [10].
3.7.4 Summary of the crystal structure of AA'BB'06 containing two kinds of
A-site cations
The unit cell types can be satisfactorily classified by the combination of A-site cations
(Table 3-12). BaSrB2+W06 compounds, in which both A-site cations are divalent, have
2~ type unit cells in tetragonal (B2+=Cu, Jahn-Teller ion) or cubic (others) symmetry. On
the other hand, compounds with A+-A3+ and A2+_A3+ cOlnbinations crystallize in
monoclinic -V2~x-V2~x2~ structure.
In all the compounds listed in Table 3-12, the rock-salt ordering of B cation sublattice
exists. The ordering of A-site cations is not observed in A2+A2+B2+B6+06 and
A2+A3+B+B6+06, in which difference in valency of two A site cations is zero or one, while
the layer-like ordering of between A+and A3+is observed in the A+A3+B2+B6+06 compounds.
So far, the reason for the B-site ordering has been well established [4], but that for the
A-site ordering has not yet clarified. The present results clearly indicate that the valence
difference of at least two between A and A' ions is necessary for A and A' cations to form
the layer-like ordering.
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Table 3-12 Unit cell type of AA'BB'06 double perovskites
2ap-type ~2~x~2~x2~
Cubic Tetragonal Monoclinic
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28/ degree
3.8 Crystal
satisfactorily indexed on the basis of a hexagonal unit cell having a size close to
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Fig. 3-11 XRD patterns of (A) Ba3C02 W09 and (B) Pb3Fe2 W09• 
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-V2~x-V2~x2-V3~; ap is the lattice constant of cubic perovskite of the primitive AB03type
The crystal structure model of A3B2B'09 is depicted in Fig. 3-12.
A2\B3+2B6+09 perovskites with the 2: 1 ordering are known to have a hexagonal structure
[11]; the layer of cations perpendicular to the hexagonal c axis are alternately occupied by
reflections are not present in the XRD patterns (Fig. 3-11), but the same phenomenon was
also observed by Blasse [12].
Cell parameters are summarized in Table 3-13. Ba3C02W09 [12], Sr3C02W09[12] and
Pb3Fe2W09 [13] are known compounds and their cell parameters and XRD patterns are
coincidence with the reported ones. The other compounds are first synthesized in this




and A3C02W09 > A3C02Mo09 are consistent with ionic size differences of Ba > Sr > Ca
and W>Mo.
Fig.3-12 Crystal structure model of the 2:1 ordered A3B2B'09 perovskites.
Hexagonal unit cell of A3B2B'0 9is written with thicker lines,
while cubic unit cell of primitive AB03 is written with lighter lines.
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Table 3-13 Crystal structures of2:1 ordered A2\B3\B6+09 perovskites 
Compound Synthesis condition Crystal symmetry Cell parameters I A 
I?1.ll~(?2~Q2. . 1100. DC, 30 h... ................. ....... . .. .lj~~1.lgl:)I.1:1.ll .. .... .......1.l""?:?~?(?),~""}i}}(?) 
... I?1.lJgI:)2MI:)Q9?QQ~g,?~..... ..... ... ........ .. ........... .... ..lj~~1.lgl:)I.1:1.ll1.l""?:?~J(?),~~I}~??(?) 
§E3~gf~Q9 ......... 1. ooqoc, .1911lj~~1.lgl:)I.1:1.l~1.l""?:???(?),~~}}:~~(D 
.. §T3gg2MgQ2 ................. ..JgQQ~g,}Q~ .................... ...........H~~1.lgl:)I.1:1.ll .......... ..1.l""?:?(:)(:)(?),~~}}}i()) 
<,::~~<,::1:)2~Q2 1100 DC, 20 h .lj~?\:1.lg<?I.1:1.ll1.l""?:???Q),~~}}}(:)(}) 
Pb3Fe2W09 700 DC, 20 h Hexagonal a=5.619(1), c=13.69(2) 
3.9 Proposal of a fitness factor to discriminate the crystal symmetry of 
double perovskites 
3.9.1 A2+ B2+B6+0 and A2+ B2+W6+ Mo6+ 0 with a single A-site cation 2 6 2 0.5 0.5 6 
In this study, a large variety of double perovskites have been synthesized with different 
metal cations, in different unit cell types and in different symmetry. The systematic 
structural investigation leads to the proposal of a new fitness factor [1], which can 
discriminate the crystal symmetry of A2+2B2+B6+06 double perovskites. 
In 1926, Goldschmidt proposed a tolerance factor [2], and it has been long used in the 
solid-state chemistry of perovskites as a parameter which can predict the formation of 
perovskites and the crystal symmetry for a given pair of A- and B-site cations. The 
tolerance factor (t) is given by 
(3-1) 
where rA, r8 and ro are ionic radii of A-site cation, B-site cation and 0
2
- ion, respectively. 
Ionic radius of B site cation (1'8) is given by (r82+ + r86+)/2 for A2BB'06 double perovskites. 
The tolerance factor is a good parameter to determine the formation range of the 
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Fig.3-13 Tolerance factor (A) and fitness factor (B) for discriminating unit
cell systems of A 2+B2+B6+O and A 2+B2+W Mo 0 double2 6 2 0.5 0.5 6
perovskites.
A2+2B2+B6+06 double perovskite phase (see Section 3.2.1), but the fitness factor proposed
here is superior to the tolerance factor to discriminate the crystal symmetry. Three
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discussion, because they showed two or more unit cell types and it is difficult to detem1ine 
their exact crystal symmetries. 
The relationship between the t value and the crystal symmetry of A2\B2+B6+06 and 
A2\B2+W6;osM06+oS06 is depicted in Fig. 3-13(A). Generally, the compounds with 
smaller t value have a unit cell in lower symmetry. All of the Ba compounds with t values 
> 0.96 are cubic. In each series of Sr and Ca double perovskites, oxides with the smallest 
t values (B2+=Ca) have unit cells with lower symmetry than the others; orthorhombic (Ca) 
vs. tetragonal (others) for the Sr compounds, and monoclinic (Ca) vs. orthorhombic (others) 
for the Ca compounds. In Pb series oxides, the relation between the compounds with 
W+ =Mg and Co is reversed, but the compound with B2+ =Cd have the lowest t value and 
symmetry (monoclinic). In this way, the t value can discriminate the crystal symmetry in 
the series of each A2+ cation. When all the compounds are taken into account, however, 
overlap regions exist. For example, at t values between 0.95 and 1.0, the cubic (Ba 
compounds) and tetragonal (Sr compounds) systems occur, and the t value of tetragonal 
Sr2CdW06 is smaller than those of orthorhombic Ca2B
2+W6+06 (B
2+=Mg, Co, Ni). This 
suggests that, even with a comparable t value, the oxides with a larger A2+ cation have a 
unit cell in higher symmetry than that with a smaller A2+ cation, and therefore a new 
parameter, which reflects more pronouncedly the size difference of A-site cations, is 
necessary to exactly discriminate the crystal system of double perovskites. 
For this purpose, a new fitness factor (cD) [1] defined by equation 3-2 is proposed in this 
study. 
(3-2) 
As can be seen from Fig. 3-13(B), the cD factor can exactly discriminate the crystal system 
except for the Pb series compounds; the reason for the exception of the Pb compounds will 
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/ be explained later. For the Ba, Sr and Ca compounds, the borderline between the cubic Ba
compounds and the tetragonal Sr compounds becomes clear by introducing the fitness
factor ($). In addition, all of the orthorhombic Sr and Ca compounds have similar $
values, giving a clear borderline at $ = 0.93 to distinguish from tetragonal systems. As
far as double perovskites with alkali earth metal cations at A sites are concerned, the cubic
system occurs at 1.00 < $, the tetragonal system at 0.90 < $ < 1.00, the orthorhombic
system at 0.90 < $ < 0.93, and the monoclinic system at $ < 0.90; the borderline value of





Fig. 3-14 Calculation model of tolerance factor and fitness factor ofperovskite.
The calculation model of tolerance factor (t) and fitness factor (<I» are depicted in Fig.
3-14. For ideal cubic unit cell of the primitive AB03 type (rA=rO), the A-O interionic
distance, rA+rO' is equal to -.J2(rB+rO), giving the t value being unity. In another way, the
B-O interionic distance, rB+rO' is equivalent to half of the cell edge and rA/(rB+rO) is equal to
1/-.J2 (<I> =1.0). Since the value of (rB+rO) corresponds to the size of the cubo-octahedral
cavity formed by eight B06 octahedrons, the fitness factor (<I» is a parameter expressing
size matching between the A-site cation and the cavity.
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Ideal (Cubic) Structure 




(<1> < 1) 
Fig. 3-15 Distortion ofperovskite structure by the cooperative tilting ofB06 octahedron. 
It is well known that the framework made of B06 octahedra is of primary importance 
for the construction of the perovskite structure and that A-site cations stabilize the structure 
by sitting in the cubo-octahedral cavities. This is a reason why B-site vacancies in 
perovskite-type oxides are rare while those at A-site are commonly found in, for example, 
Re03, N~ W03 [14] and La2/3Ti03 [15]. The reduction of crystal symmetry ofperovskites 
usually results from the tilting of B06 octahedrons [4,16] due to the size mismatching 
between A-cation (rA) and the cubo-octahedral cavity (Fig. 3-15). When an A-site cation 
is closely packed in the cubo-octahedral cavity (<1> ;::: 1.0), tilting would be suppressed and 
the cubic system results. At <1> < 1.0 with the loose packing of the A-site cation, tilting of 
B06 octahedrons or distortion would be expected, and would become larger with 
decreasing <1>. The concept of the proposed fitness factor is in line with this. 
In the above discussion, there are two exceptions; one is the oxide system containing Cu 
at B site and the other is that containing Pb at A-site. All of the Cu containing oxides 
shows tetragonal distortion due not to the tilting of octahedrons but to the Jahn-Teller effect. 
The tetragonal unit cells resulting from the tilting and Jahn-Teller distortion have 
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dimensions close to 28v and -V28vx-V28vx28v, respectively. Fitness parameters of the
Ba2CuB
6+06 are 1.103 (B
6+=W) and 1.105 (B6+=Mo), which are in the region of the 2p-type
cubic formation. Accordingly, it is adequate to consider that Ba2CuB
6+06should have the
28v-type cubic structure from the geometric consideration (ionic size or fitness factor), but
the Jahn-Teller effect causes the distortion in the 2p-type tetragonal structure.
The crystal system of Pb series compounds cannot be discriminated by the fitness factor
(<D). There would be to two possible reasons. One is associated with synthesis
temperature. Since the synthesis temperatures for Pb series compounds are low « 850
°C), the crystal structures have not yet reached the most stable one. Actually, there
reported several crystal structures of Pb2MgW06, such as orthorhombic, rhombohedral and
unknown crystal [17]. Another possibility is the nature of the A-O bond, ionic or covalent.
The percent ionic character, I, of the A-O bond can be calculated from equation 3-3 [18].
(3-3)
where XA and Xo are electronegativity of A-site metal and oxygen, respectively. The I
values are 65.3%, 61.9%, 61.9% and 37.3% for Ba-O, Sr-O, Ca-O and Pb-O, respectively.
It is obvious that the bond between alkali earth metal cation (Ca, Sr, Ba) and oxygen have
the ionic character while the covalent character dominates in the Pb-O bond. Accordingly,
it might be said that the fitness factor (<D) is available for compounds with higher ionic
character.
3.9.2 other double perovskite systems
The fitness factor can discriminate the crystal symmetry of A2\B2+B6+06 and
A2+2B2+W6+o.sM06+o.s06' which are stoichiometric compounds and contain a single A site
cations of alkali earth metals. The fitness factors of the other double perovskite systems
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are shown in Fig. 3-16, and the comments are described below.
1) The characteristics common to all the systems shown in Fig. 3-16 is that the crystal

























Fig. 3-16 Fitness factors of double perovskite systems shown on the abscissa.
2) BaSrBW06 : Even though this series of compounds contain alkali earth metal cations
at A site, the fitness factor could not discriminate the crystal symmetry. Excepting
BaSrCuW06 with Jahn-Teller tetragonal distortion, all the other compounds with <1>
values between 0.98 and 1.06 have a cubic structure. Two compounds with the <1>
values smaller than unity (0.980, 0.992) crystallize in the cubic structure, though the <1>
values of two exceptions are close to the lower limit of the cubic region (<1>=1.00). As
stated in Section 3.7.1, the crystal system of this series of compounds is determined by
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Chapter 3 Structural Investigation of Ordered Perovskite-Type Oxides Containing Tungsten and Molybdenum 
the larger Ba cations. This will be clarified if the synthesis and structural investigation 
of Ba1_xSrxCu W06 with varying x will be performed. 
3) A2+2B2+B6+055 (A2+=Ba, Sr): All the compounds with 0.92 < cD < 1.10 have a cubic 
structure, so that the fitness factor is invalid for this series oxides. It seems that the 
presence of a substantial amount (ca. 8%) of oxide ion vacancies might be a season for 
the invalidity. 
4) A2+ A3+B+B6+06 and A + A
3+B2+B6+06: When the valency of two kinds of A site cations 
are different, the oxides crystallize in a monoclinic structure. In this case, the fitness 
factor is helpless for the crystal system discrimination. The invalidity for 
A + A 3+B2+B6+06 is quite natural because the ordering exists in both the A- and B-site 
sub lattice. 
5) A2+ A+ B2+B6t O and A2+ B2+ Sf B6f O . The partially substituted oxides have 2-x x 6-x/2 2 l-y Y 6-y/2' 
the cD values> 1 and belong to the cubic system. The partial substitution with lower 
levels, 10% for A site and 20% for B site, is performed in A2BB'06 in which the fitness 
factor works well, and the amount of oxide ion vacancies are expected to be small (less 
than 2% in the oxygen sub lattice ). Accordingly, the low substitution level and a small 
amount of oxide ion vacancies might be a reason why the fitness factor is also valid in 
the partially substituted systems. 
Taking the results in Section 3.9.1 and 3.9.2 into accounts, it can be concluded that the 
fitness factor proposed in this study can discriminate the crystal system of double 
perovskites which are stoichiometric with respect to the oxygen composition and contain a 
single kind of alkali earth metal cations as A-site cation. The fitness factor is also valid in 
the partially substituted systems when the substitution level and the amount of the oxide 
ion vacancies are low. However, the fitness factor does not work in the oxides, which 
contain two kinds of A-site cations as well as oxide ion vacancies to substantial extents. 
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Conclusions
In this chapter, crystal structures of a variety of ordered perovskites in different types,
which were synthesized in Chapter 2, have been investigated by X-ray diffraction
technique, and the results obtained can be summarized as follows.
Table 3-13 Classification of unit cell types of double perovskites
A site 2~ type "./2~x"./2~x2~type




















Pb2 Pb2CoW06 Pb2MgW06 Pb2CdW06
For double perovskites, the difference of the unit cell size for different compounds can
be satisfactorily explained by ionic size of constituent metal cations. On the other hand,
the crystal structure (type and symmetry of unit cell) is almost exclusively determined by
the A-site cations (Table 3-13); the only one exception is the Pb2B
2+B6+06 series oxides.
For A2+2B2+B6+06 (A2+=Ba, Sr, Ca; B6+=W, Mo, WI~yMoy), a cubic 2~ type unit cell is
found in almost all compounds with A2+=Ba, a tetragonal ~2~x~2~x2~ type unit cell in
those with Sr and a tetragonal ~2~x~2~x2~ type unit cell in those with Ca. It is clear
that the crystal symmetry decreases with decreasing ionic size of A-site cations. Oxides
containing two kinds of A-site cations with different valencies, A2+A3+ and A+A3+, always
have a monoclinic ~2apx~2~x2~ type unit cell.
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There exist three exceptions from the general rule mentioned above. All the Cu-
containing compounds have a tetragonal 2~ type unit cell due to the Jahn-Teller distortion.
In case of B2+= Ca in Sr2B
2+B6+06 and Ca2B
2+B6+06, they crystallize in the structures with
lower symmetry as compared with the others in each group. The more extreme cases are
oxides with B2+=Ba and Sr, which showed two or three unit cell types. These results with
B2+=Ba, Sr and Ca imply that, when the ionic size ratio of A 2+/B2+ is small, the crystal
structure of the oxides become more distorted and unstable.
The ordering of layer-like A-site cation ordering in the double perovskites is observed
with the A+-A3+combination but not in the other combinations. This clearly indicate that
the valence difference of at least two between A and A' ions is necessary for A and A'
cations to form the layer-like ordering.
The XRD patterns of the 2: 1 ordered compounds, A3B
3\B6+09, can be satisfactorily
indexed on the basis of hexagonal unit cells close to -V2~x-V2~x2-V3~. In the structure,
the layer of cations perpendicular to the hexagonal c axis are alternately occupied by two
kinds of cations, in the sequence _B3+_B3+_B6+_B3+_B3+_B6+_.
The fitness factor, CD=-V2rA/(rB+rO), has been proposed to discriminate the crystal
systems of double perovskites. The CD value can discriminate the crystal systems more
exactly than the well known tolerance factor, t=(rA+rO)/-V2(rB+rO) for double perovskites
which are stoichiometric with respect to the oxygen composition and contain a single kind
of alkali earth metal cations as a A-site cation. The fitness factor is also valid in the
partially substituted systems, but not in the oxides which contain two kinds oLA-site
cations as well as oxide ion vacancies to substantial extents.
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Indexes, observed observed d values relative
intensities of perovskites
(1) Ba2MgMo06 Cubic a=8.070(2) V=525.73 A3
hld 2thobs 2thca1c dobs IlIa hld 2thobs 2thca1 dobs IlIa
111 19.12 4.6381 8 400 44.90 44.883 2.0171 44
200 22.08 22.007 4.0226 10 420 50.56 50.529 1.8038 8
220 31.38 31.320 2.8484 100 422 55.74 55.749 1.6478 56
311 36.96 36.905 2.4302 8 440 65.30 65.348 1.4278 26
222 38.64 38.610 2.3283 26 600 69.80 69.865 1.3463 4
(2) Ba2CoMo06 Cubic a=8.066(2) V=524.93 A3
hld 2thobs 2thca1c dobs IlIa hld 2thobs 2thca1 dabs IlIa
200 22.08 22.020 4.0226 6 420 50.58 50.561 1.8031 4
220 31.38 31.339 2.8484 100 422 55.76 55.784 1.6473 42
222 38.66 38.633 2.3271 14 440 65.34 65.391 1.4270 22
400 44.92 44.911 2.0163 34
(3) Ba2NiMo06 Cubic a=8.032(3) V=518.26 A3
hld 2thobs 2thca1c dobs IlIa hld 2thobs 2thca' dobs IlIa
111 19.18 19.122 4.6237 6 400 45.10 45.113 2.0087 36
200 22.18 22.115 4.0047 6 422 56.02 56.043 1.6402 44
220 31.52 31.476 2.8361 100 440 65.66 65.705 1.4208 24
222 38.84 38.805 2.3168 16
(4) Ba2CdMo06 Cubic a=8.039(3) V=573.72 A3
hld 2thobs 2thca1c dobs IlIa hld 2thobs 2thca' dobs IlIa
220 30.36 30.346 2.9417 100 422 53.92 53.916 1.6991 46
222 37.38 37.393 2.4038 6 440 63.12 63.130 1.4717 18
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Appendix 
(5) Ba2ZnMo06 Cubic a=8.098(1) V=S31.17A
3 
hld 2thobs 2thca1c dobs 1110 hld 2thobs 2thcal dobs 1110 
101 19.42 19.409 4.5671 6 220 46.00 45.990 1.9714 36 
112 31.94 31.898 2.7997 100 204 56.74 56.731 1.6211 18 
200 32.10 32.071 2.7861 58 312 57.06 57.059 1.6128 40 
211 37.80 37.762 2.3781 4 224 66.64 66.674 1.4023 16 
202 39.40 39.404 2.2851 6 400 67.04 67.072 1.3949 8 
004 45.48 45.478 1.9928 18 
(6) Sr2CdW06 Tetragonal a=S.808(S), c=8.173(S) V=27S.74 A
3 
hld 2thobs 2thcalc dobs 1110 hld 2thobs 2thca1 dobs 1110 
111 18.70 18.765 4.7413 8 004 44.323 
200 21.68 21.678 4.0959 18 420 49.733 
002 21.743 402 49.764 
220 30.847 204 49.86 49.858 1.8275 4 
202 30.88 30.893 2.8934 100 422 54.92 54.886 1.6705 20 
311 36.352 224 54.974 
113 36.46 36.433 2.4623 4 440 64.267 
222 38.02 38.057 2.3648 2 404 64.34 64.374 1.4468 8 
400 44.22 44.186 2.0466 26 64.56 1.4424 6 
(7) Sr2MgMo06 Tetragonal a=S.S98(2), c=7.87S(2) V=246.84 A
3 
hld 2thobs 2thca1c dobs 1110 hld 2thobs 2thca1 d obs 1110 
111 19.46 19.467 4.5578 26 004 46.06 46.052 1.9690 32 
211 27.66 27.644 3.2224 8 331 50.32 50.291 1.8118 4 
112 27.708 313 50.394 
220 32.02 32.003 2.7929 100 422 57.02 57.086 1.6138 18 
202 32.077 224 57.18 57.227 1.6097 38 
311 37.734 333 60.953 
113 37.82 37.863 2.3769 10 115 61.06 61.134 1.5164 4 
222 39.52 39.525 2.2784 18 440 66.94 66.915 1.3967 18 
400 45.76 1.9812 18 404 67.16 67.080 1.3927 10 
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(8) Sr2CaMo06 Orthorhombic a=5.750(3), b=5.830(2), c=8.171(8) V=273.99 A3 
hld 2thobs 2thcalc dobs 1110 hld 2thobs 2thca' dobs 1/10 
101 18.74 18.680 4.7313 18 113 50.80 50.787 1.7958 6 
110 18.88 18.855 4.6965 14 213 54.64 54.627 1.6784 16 
III 24.34 24.296 3.6539 6 402 54.90 54.828 1.6710 14 
002 30.68 30.640 2.9118 34 420 55.10 55.104 1.6654 16 
211 30.94 30.894 2.8879 100 231 55.24 55.180 1.6615 16 
020 3l.l2 31.081 2.8716 40 322 56.160 
102 32.60 32.583 2.7445 4 500 56.26 56.241 1.6338 2 
301 36.376 501 58.615 
310 36.44 36.471 2.4636 6 510 58.68 58.681 1.5721 4 
121 36.60 36.509 2.4532 8 132 58.694 
202 37.92 37.880 2.3708 6 004 63.74 63.797 1.4589 6 
220 38.28 38.247 2.3493 4 422 64.28 64.375 1.4480 10 
311 39.66 39.713 2.2707 2 64.44 1.4447 8 
022 44.22 44.207 2.0466 40 040 64.82 64.801 1.4372 4 
400 44.36 44.304 2.0404 22 104 64.927 
302 45.538 141 68.08 68.094 1.3761 4 
(9) Sr2NiMo06 Tetragonal a=5.5464(7), c=7 .892(1) V=242.80 A3 
hld 2thobs 2thca'c dobs 1/10 hld 2thobs 2thca' dobs I1Io 
101 19.56 19.546 4.5348 8 220 46.26 46.26 1.9610 34 
102 27.68 27.721 3.2202 10 204 57.26 57.256 1.6076 20 
112 32.16 32.151 2.7811 100 312 57.46 57.45 1.6025 36 
211 38.00 37.995 2.3660 4 224 67.26 67.258 1.3909 18 
202 39.70 39.692 2.2685 10 400 67.48 67.494 1.3869 10 
004 45.96 45.958 1.9731 18 
(10) BazMgWo.sMoo.S06 Cubic a=8.0931(5) V=530.09 A3 
hld 2thobs 2thcalc dobs 1110 hld 2thobs 2thcal dobs I1Io 
111 18.98 18.978 4.6720 20 331 49.04 49.023 1.8561 8 
200 21.92 21.947 4.0516 4 420 50.40 50.384 1.8092 4 
220 31.24 31.234 2.8608 100 422 55.58 55.586 1.6522 50 
311 36.80 36.803 2.4404 14 511 59.28 59.282 1.5576 6 
222 38.50 38.502 2.3364 14 440 65.14 65.152 1.4309 20 
400 44.76 44.756 2.0231 40 531 68.54 68.539 1.3680 6 
• Prepared by the ceramic method . 
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(11) Ba2CaWo.sMoo.S06 Cubic a=8.379(2) V=588.32 A3 
hld 2thobs 2thca1c dabs I1Io hld 2thobs 2thcal dabs I1Io 
111 18.38 18.324 4.8231 12 331 47.24 47.245 1.9925 4 
200 21.26 21.189 4.1758 2 420 48.58 48.551 1.8726 2 
220 30.18 30.142 2.9588 100 422 53.52 53.534 1.7108 40 
222 37.18 37.139 2.4163 10 511 57.08 57.068 1.6123 4 
311 35.52 35.504 2.5253 10 440 62.64 62.669 1.4819 18 
400 43.16 43.150 2.0943 34 531 65.82 65.894 1.4178 4 
* Prepared by the ceramic method. 
(12) Ba2CoWo.sMoo.S06 Cubic a=8.0928(6) V=530.04 A3 
hld 2thobs 2thca1c dabs I1Io hld 2thobs 2thcal dabs I1Io 
111 18.98 18.978 4.6720 10 331 49.02 49.025 1.8568 2 
200 21.98 21.948 4.0406 2 422 55.58 55.588 1.6522 36 
220 31.24 31.235 2.8606 100 511 59.28 59.284 1.5576 4 
311 36.82 36.804 2.4391 6 440 65.16 65.154 1.4305 16 
222 38.52 38.504 2.3353 8 531 68.52 68.542 1.3683 2 
400 44.76 44.758 2.0231 30 
(13) Ba2NiWo.sMoo.S06 Cubic a=8.053(1) V=522.27 A3 
hld 2thobs 2thca1c dabs I1Io hld 2thobs 2thcal dabs I1Io 
111 19.10 19.073 4.6429 8 331 49.26 49.283 1.8483 4 
200 22.00 22.058 4.0370 2 422 55.90 55.886 1.6435 40 
220 31.42 31.393 2.8449 100 511 59.58 59.606 1.5505 4 
311 37.02 36.992 2.4264 6 440 65.52 65.516 4.1235 18 
222 38.72 38.701 2.3237 8 531 68.92 68.927 1.3614 4 
400 45.00 44.991 2.0129 30 
(14) Ba2CdWo.sMoo.S06 Cubic a=8.3360(8) V=579.26 A3 
hld 2thobs 2thca1c dabs I1Io hld 2thobs 2thcal dabs I1Io 
111 18.44 18.420 4.8076 2 400 43.38 43.385 2.0842 30 
220 30.30 30.302 2.9474 100 422 53.82 53.834 1.7020 38 
222 37.34 37.338 2.4063 2 440 63.04 63.031 1.4734 16 
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(15) Sr2CaWo.sMoo.S06 Orthorhombic a=5. 766( 1 ),b=5.847(1 ),c=8.183(3) V=275.93A3 
hld 2thobs 2thca1c dabs 1110 hld 2thobs 2thca1 dabs 1110 
101 18.66 18.636 4.7514 24 312 48.30 48.243 1.8828 4 
110 18.82 18.810 4.7114 20 113 50.62 50.640 1.8018 4 
011 21.64 21.627 4.1034 4 213 54.46 54.478 1.6835 16 
200 21.703 402 54.70 54.717 1.6767 16 
111 24.22 24.233 3.6718 6 420 54.98 54.990 1.6688 22 
002 30.56 30.554 2.9229 36 231 55.022 
211 30.82 30.827 2.8989 100 303 58.123 
102 32.48 32.496 2.7544 2 123 58.20 58.188 1.5839 4 
112 36.12 36.124 2.4847 6 132 58.514 
301 36.34 36.313 2.4702 10 501 58.52 58.517 1.5760 4 
121 36.406 004 63.60 63.602 1.4618 2 
310 36.407 422 64.22 64.223 1.4492 10 
202 37.82 37.790 2.3769 2 040 64.54 64.591 1.4428 4 
022 44.10 44.076 2.0519 36 512 67.50 67.516 1.3865 4 
302 45.440 141 67.92 67.874 1.3789 4 
122 45.48 45.517 1.9928 4 
(16) Sr2MgWO.2SMoo.7S06 Tetragonal a=5.614(2), c=7.893(2) V=248.80 A3 
hld 2thobs 2thca1c dobs 1/10 hld 2thobs 2thca1 dabs I1Io 
111 19.38 19.386 4.5765 44 004 45.92 45.950 1.9747 28 
200 22.36 22.378 3.9728 2 313 50.18 50.183 1.8166 8 
220 31.855 224 57.04 56.997 1.6133 32 
202 31.92 31.949 2.8014 100 115 60.90 60.907 1.5200 6 
113 37.72 37.726 2.3839 18 404 66.78 66.792 1.3997 14 
222 39.42 39.357 2.2840 4 67.00 1.3956 8 
400 45.64 45.671 1.9861 14 
(17) Sr2MgWo.sMoo.S06 Tetragonal a=5.603(2), c=7.882(2) V=247.46 A3 
hld 2thobs 2thca1c dabs 1110 hld 2thobs 2thca1 dabs I1Io 
111 19.46 19.421 4.5578 44 400 45.74 45.769 1.9820 16 
112 27.68 27.646 3.2202 8 004 46.00 46.010 1.9714 26 
220 31.921 313 50.26 50.271 1.8139 8 
202 32.00 32.003 2.7946 100 224 57.10 57.090 1.6118 30 
113 37.80 37.780 2.3781 16 115 60.98 60.993 1.5182 6 
222 39.50 39.429 2.2796 8 404 66.88 66.915 1.3978 12 
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(18) Sr2MgWO.7SMoo.2S06 Tetragonal a=5.601(4), c=7.883(3) V=247.32 A3 
hId 2thobs 2thca1c dobs I1Io hId 2thobs 2thca1 dobs I1Io 
111 19.44 19.425 4.5625 32 004 46.02 46.049 1.9706 28 
211 27.578 331 50.157 
112 27.66 27.661 3.2224 4 313 50.28 50.290 1.8132 6 
220 31.918 224 57.16 57.122 1.6102 30 
202 32.02 32.015 2.7929 100 333 60.810 
113 37.82 37.805 2.3769 12 115 60.94 61.043 1.5191 4 
222 39.50 39.438 2.2796 12 404 66.90 66.942 1.3975 14 
400 45.74 45.764 1.9820 16 67.12 1.3934 8 
(19) Sr2CoWo.sMoo.S06 Tetragonal a=5.611 (3), c=7.872(4) V=247.89 A3 
hId 2thobs 2thca1c dobs I1Io hId 2thobs 2thca1 dobs I1Io 
111 19.48 19.453 4.5532 18 400 46.10 46.078 1.9674 34 
200 22.60 22.569 3.9312 4 313 50.28 50.254 1.8132 4 
211 27.68 27.690 3.2202 4 224 56.86 56.900 1.6180 12 
202 32.00 31.980 2.7946 100. 422 57.20 57.186 1.6092 32 
311 37.86 37.838 2.3744 8 404 66.84 66.862 1.3986 12 
222 39.48 39.497 2.2807 4 440 67.18 67.210 1.3923 8 
004 45.66 45.632 1.9853 14 
(20) Sr2NiWo.sMoo.S06 Tetragonal a=5.587(2), c=7.852(2) V=245.l8 A3 
hId 2thobs 2thca1c dobs I1Io hId 2thobs 2thcal dobs I1Io 
111 19.52 19.481 4.5440 18 004 46.18 46.205 1.9642 28 
002 22.64 22.628 3.9243 4 313 50.44 50.447 1.8078 4 
211 27.62 27.656 3.2270 2 422 57.14 57.112 1.6107 16 
220 32.006 224 57.36 57.311 1.6051 34 
202 32.12 32.111 2.7844 100 115 61.24 61.257 1.5123 4 
113 37.94 37.927 2.3696 8 404 67.14 67.166 1.3931 14 
222 39.58 39.555 2.2751 4 67.40 1.3883 8 
400 45.86 45.894 1.9771 14 
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(21) BaSrCoW06 Cubic a=8.0120(9) V=514.31 A3 
hld 2thobs 2thca1c dobs I1Io hld 2thobs 2thca' dobs I1Io 
111 19.20 19.172 4.6190 24 331 49.54 49.553 1.8385 4 
200 22.20 22.173 4.0011 2 422 56.20 56.199 1.6354 28 
220 31.58 31.559 2.8308 100 511 59.96 59.943 1.5415 4 
311 37.20 37.189 2.4150 10 440 65.88 65.894 1.4166 12 
222 38.92 38.908 2.3122 4 531 69.30 69.332 1.3548 2 
400 45.24 45.234 2.0028 26 
(22) BaSrNiW06 Cubic a=7.966(2) V=505.50 A3 
hld 2thobs 2thcalc dabs I1Io hld 2thobs 2thca' dobs I1Io 
111 19.32 19.283 4.5905 26 331 49.92 49.858 1.8254 6 
200 22.40 22.302 3.9658 4 422 56.54 56.552 1.6264 26 
220 31.78 31.746 2.8135 100 511 60.28 60.326 1.5341 4 
311 37.46 37.412 2.3989 10 440 66.32 66.324 1.4083 10 
222 39.16 39.142 2.2986 2 531 69.70 69.790 1.3480 4 
400 45.54 45.510 1.9903 26 
(23) BaSrCuW06 Tetragonal a=7.793(3), c=8.472(2) V=531.17 A3 
hld 2thobs 2thcalc dabs I1Io hld 2thobs 2thca' dabs I1Io 
111 19.22 19.197 4.6142 36 400 46.58 46.576 1.9482 26 
200 22.90 22.802 3.8804 4 005 54.12 54.077 1.6933 10 
112 26.70 3.3361 6 224 54.58 54.077 1.6933 10 
202 31.20 31.161 2.8644 100 115 56.76 56.796 1.6206 20 
220 32.48 32.468 2.7544 54 422 57.14 57.104 1.6107 24 
113 35.64 35.695 2.5171 8 404 64.94 64.984 1.4348 12 
222 38.78 2.3202 6 521 65.30 65.363 4.1278 10 
004 42.68 46.652 2.1168 14 440 67.78 1.3815 6 
(24) BaSrCdW06 Cubic a=8.294(2) V=570.63 A3 
hld 2thobs 2thca'c dobs I1Io hld 2thobs 2thca' dobs I1Io 
111 18.52 18.513 4.7870 6 420 49.06 49.080 1.8554 2 
200 21.44 21.408 4.1412 6 422 54.06 54.126 1.6950 28 
220 30.46 30.458 2.9323 100 511 57.68 57.706 1.5969 2 
311 35.84 35.879 2.5035 2 440 63.48 63.384 1.4643 8 
400 43.62 43.614 2.0733 22 
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(25) Ba2Cdo.sLio.2WOS.9 Cubic a=8.3291(7) V=S77.80 A3 
hld 2thobs 2thcalc dabs IIIo hld 2thobs 2thca' dabs 1110 
III 18.48 18.435 4.7973 6 400 43.42 43.423 2.0824 26 
200 2l.l6 4.1953 2 422 53.88 53.883 1.7002 36 
220 30.34 30.328 2.9436 100 440 63.08 63.090 1.4726 14 
311 35.42 35.725 2.5116 2 
(26) Ba1.8Ku.2CdWOS.9 Cubic a=8.3237(7) V=S76.72 A3 
hld 2thobs 2thca1c dabs IIlo hld 2thobs 2thcal dabs IIlo 
220 30.36 30.348 2.9417 100 422 53.92 53.919 1.6991 50.00 
222 37.40 37.395 2.4026 6 440 63.12 63.134 1.4717 18 
400 43.46 43.452 2.0806 34 
(27) Ba1.8Ku.2CdMoOS.9 Cubic a=8.322(2) V=576.39 A3 
hld 2thobs 2thcalc dabs 1/10 hld 2thobs 2thca' dabs IIIo 
III 18.50 18.451 4.7921 4 400 43.48 43.461 2.0797 28 
200 21.38 21.336 4.1527 4 422 53.90 53.93 1.6996 38 
220 30.40 30.354 2.9380 100 440 63.10 63.147 1.4722 16 
311 35.78 35.755 2.5076 4 
(28) Bal.SNao.2CdWOS.9 Cubic a=8.323(2) V=576.75 N 
hld 2thobs 2thca1c dabs IIlo hld 2thobs 2thcal dabs IIlo 
111 18.52 18.447 4.7870 6 400 43.48 43.451 2.0797 26 
200 21.32 21.332 4.1642 2 422 53.92 53.918 1.6991 34 
220 30.38 30.347 2.9398 100 511 57.42 57.482 1.6035 2 
311 35.78 35.747 2.5076 4 440 63.12 63.133 1.4717 14 
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(29) Ba3Co2Mo09 Hexagonal a=S.698(2), c=14.13(1) V=397.S2 A3 
hld 2thobs 2thca1c dobs I1Io hld 2thobs 2thca1 dabs I1Io 
101 19.10 19.033 4.6429 10 203 41.56 2.1712 10 
103 26.18 26.126 3.4012 12 007 44.84 44.845 2.0197 10 
110 31.32 31.372 2.8537 100 214 55.62 55.676 1.6511 46 
113 36.86 36.835 2.4365 12 220 65.16 1.4305 22 
202 38.58 38.618 2.3318 10 310 68.54 68.500 1.3680 4 
(30) Sr3CozMo09 Hexagonal a=S.S66(3), c=13.74(l) V=368.96 A3 
hld 2thobs 2thca1c dabs IIIo hld 2thobs 2thcal dabs I1Io 
101 19.54 19.497 4.5394 8 300 57.32 57.285 1.6061 28 
110 32.16 32.132 2.7811 100 117 57.374 
202 39.62 39.588 2.2729 10 220 67.040 1.3949 12 
007 46.20 46.185 1.9634 36 305 67.40 67.450 1.3883 8 
(31) Ca3Co2Mo09 Hexagonal a=S.S7S(32), c=13.76(1) V=370.S6 A3 
hld 2thobs 2thca1c dobs 1/10 hld 2thobs 2thcal dobs 1110 
101 19.48 19.468 4.5532 32 211 50.34 50.404 1.8112 4 
102 22.58 3.9346 6 212 51.78 57.081 1.7641 4 
110 32.04 32.084 2.7912 100 214 57.l0 57.081 1.6118 32 
113 37.729 303 61.00 60.957 1.5177 4 
201 37.80 37.805 2.3781 12 203 66.76 66.695 1.4001 10 
007 46.04 46.117 1.9698 28 220 67.l0 67.l02 1.3938 8 
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Chapter 4 Catalytic Property of Ordered Perovskite-Type Oxides 
Containing Wand Mo for the Reduction of Nitrogen 
Monoxide by Propane in the Presence of Oxygen 
4.1 Introduction 
Perovskite-type oxides, which have the general formula of AB03, are an important class 
of catalytic materials, and have been studied extensively as catalysts for complete 
oxidation of hydrocarbons, direct decomposition of NO and nonselective reduction of NO 
by CO, H2 and hydrocarbons [1-4]. In addition, many basic studies have been carried out 
to elucidate relationships between the solid-state chemistry and the catalytic properties of 
perovskite-type oxides [1-4]. So far, both unsubstituted (AB03) and substituted 
(A1_xA' xB03' A1_xA' xBl_yB' y03' etc.) systems have been investigated, almost all of which 
contain rare earth cations, especially La, at the A-sites and 3d transition metal IOns, 
especially Co and Mn, at the B-sites. 
A subclass of perovskites represented by AA'BB'06 or A2BB'06 is referred to as a 
double perovskite which usually has the rock-salt ordered B-cation sublattice [5]. In this 
structure, only the three-dimensional chain of the -B-O-B'-O- linkage is possible. This 
specific arrangement of Band B' cations is of great interest, because the catalytic 
properties of perovskites are generally determined by the nature of B-site cations [3]. In 
addition, W03 and Mo03 (or Wand Mo ions) are important catalytic components for 
selective oxidation catalysis. Nevertheless, no systematic studies have been so far 
conducted on the catalytic properties of perovskites containing Wand Mo, mainly because 
hexavalent tungsten and molybdenum are not stabilized in the commonly used primitive 
AB03-type compounds. To the best of my knowledge, however, the work by Voorhoeve 
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et al. [6] is the only report dealing with the catalytic properties of the ordered perovskites; 
they reported the catalytic activity of Ba2Co W06 for CO oxidation and NO reduction by 
CO and H2- In order to explore new perovskite catalysts as well as to collect more 
information about the relationships between the solid-state chemistry and the catalytic 
properties, the systematic synthesis and evaluation of catalytic activity of ordered 
perovskites are highly desired. 
In Chapters 2 and 3, the systematic synthesis and structural evaluation were succeeded 
on ordered perovskites containing W and Mo. The purpose of this chapter is to 
investigate their catalytic property for the reduction of NO by C3Hg in the presence of 
excess oxygen and to clarify the relationship between the catalytic property and oxide 
composition. 
4.2 Experimental 
The catalytic activity for the reduction of NO by C3H8 in the presence of excess oxygen 
(N0-C3Hg-02 reaction) was measured in a fixed-bed flow reactor (Fig. 4-1) between 300 
and 800 DC. A mixture of NO (0.44%), C3H8 (0.29%), O2 (4.4%) and He(balance) was fed 
to O.Sg catalyst at a rate of 30 cm3 min-I; the space velocity (SV) was 7000 h-\ or the 
contact time (catalyst weight/gas flow rate) was 1.0 g s cm-3. The effluent gas was 
analyzed by a gas chromatography equipped with thermal conductivity detector (Shimadzu 
GC-14B). A Molecular sieve SA column was used to separate NO, O2, CO and N2, and a 
Porapak N column for CO2 and C3H8. The catalytic activity at a steady state, which was 
attained after one hour or more on stream, was evaluated by the following parameters. 
Conversion of NO into N2 
Conversion of NO into N20 (X[N20] / %) = (2[N20] out / [NO] in) xlOO 
Conversion of C3Hg into CO2 (X [C02] / %) = ([C02] Ollt / 3 [C3Hg] in) X 1 00 
Conversion of C3Hg into CO (X[CO] / %) = ([C02] Ollt / 3 [C3Hg] in) X 1 00 
The total conversion of NO (X [NO]), which is a sum ofX[N2] and X[N20], was also used 
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to discuss the NO reduction activity. 
The specific surface areas of catalysts, which were measured by N2 adsorption at liquid 
N2 temperature (BET method), were very small, ranging between 1.0 to 0.2 m2.g- l . 








Reactor Furnace He (carrier gas) 
Exhaust 
Fig. 4-1 Schematics of the experimental apparatus for the NO-C3Hg-02 reaction. 
4.3 General features of the Wand Mo-containing ordered perovskites for the 
NO-C3Hg-02 reaction 
4.3.1 Temperature dependence 
Figure 4-2 shows temperature dependence of NO-C3Hg-02 reaction over Sr2MgW06 
and Ba2Co W06 • On both the catalysts, the reaction proceeded above 500 DC, and the 
reduction of NO into N20 and N2 was observed specifically at 600 DC. This temperature 
dependency was common to all the catalysts tested, and therefore the catalytic 
performances at 600°C were used in this study to discuss the catalytic properties of the 
ordered perovskites. Sr2MgW06 is the representative of the catalysts showing the higher 
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NO reduction activity with the low conversion of C3Hg at 600°C, while Ba2Co W06 is that 
showing the lower NO reduction activity with the high conversion of C3Hg. 
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4.3.2 Effect of oxygen concentration 
Figure 4-3 shows the effect of oxygen concentration on the catalytic performance of 
Sr2NiMo06 at 600°C in the NO (0.44%)-C3Hg (0.29%)-02 (variable between 0 and 6.6%) 
atmosphere. Increasing the O2 concentration causes monotonic increase and decrease of 
conversions into CO2 and N2, respectively, and the formation ofN20 was observed with the 
maximum conversion at 2.2% of O2, In the absence of 02' only CO2 and N2 were detected 
with the CO/N2 molar ratio being close to 315. This indicates the occurrence of the 
following reaction. 
(4-1) 
In the presence of oxygen in the feed gas, the conversion of NO into N2 decreased 
progressively with increasing O2 concentration. Very simply speaking, the reduction of 
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Fig. 4-3 Effect of oxygen concentration on the catalytic performance 
ofSr2NiMo06 (600°C). 
Therefore, the monotonic decrease of X[N2] with increasing O2 concentration indicates 
that C3Hg reacts with O2 in preference to NO. At the O2 concentration of 2.2 and 3.5%, 
the formation of CO was observed due to the incomplete oxidation of C3Hg, reaction (4-3); 
the conversion of C3Hg into CO was 3.6% (2.2% O2) and 0.6% (3.5% O2), Assuming that 
the reduction of NO into N 20 by CO, reaction (4-4), proceeds rapidly, the enhancement of 
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(4-5)
With increasing O2 concentration, the fraction of C3Hg to be completely oxidized,
reaction (4-5), increases, leading to the decrease of the CO formation and thus the
conversion of NO into N20. The consecutive reaction of C3Hg ~ CO ~ CO2 might be
also the case, but this can be regarded as the complete oxidation of C3Hg• At the highest
O2 concentration (6.6%), the complete oxidation ofC3Hg by O2 proceeds exclusively.
The reduction of NO into N2 by hydrocarbons in the presence of excess oxygen is
referred to as the selective reduction of NO with hydrocarbons (HC-SCR). After
pioneering works by Iwamoto et al. [7] and Held et al. [8], the HC-SCR reaction has been
attracting great attention as a novel NOx removal process for exhaust treatment. The
most characteristic phenomenon of the HC-SCR reaction is that the reduction of NO into
N2 by hydrocarbons is enhanced by coexisting 02' From this point of view, it can be said
that the Mo- and W-containing double perovskites do not catalyze the HC-SCR reaction
but the nonselective reduction of NO by C3Hg• All of the catalysts tested in this study did
not catalyze the HC-SCR reaction.
4.3.3 Effect of contact time (WIF)
Figure 4-4 compares the catalytic activity of Ba2CoW06 catalyst for the NO-C3Hg-02
reaction at two different W/F values: 1.0 g s cm-3 (SV=7000 hOi) and 2.0 g s cm-3 (3500 hOI).
Although the conversion of NO at 600°C was slightly higher at W/F=1.0 g s cm-3, it can be
said that the catalytic performance does not depend so much on the W/P value at least
between 1.0 to 2.0 g s cm-3•
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D. W/F=2,O 9 s cm-3











300 400 500 600 700 800 900
Temperature / QC
Fig.4-4 Effect of the contact time (W/F) on the catalytic activity of Ba2CoW06
for the NO-C3Hg-02reaction.
50











0.5 1.0 1.5 2.0 2.5 3.0 3.5
NO/C3Ha molar ratio
Fig. 4-5 Conversion ofNO over Sr2NiMo06 and Sr2CoW06 at 600°C
as a function of the NO/C3Hg molar ratio in the feed gas.
NO (0.44%)-C3Hg (variable)-02 (4.4%).
4.3.4 Effect of the composition of reaction gas
The effect of concentrations of the reactants was examined over Sr2CoW06 catalyst
with keeping the total flow rate at 30 cm3 min-! and the NO/C3Hgi02 ratio at 1/0.66/1 O.
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The catalytic activity was measured at three different concentration levels (0.44, 0.22 and 
0.15 % with respect to NO), but the catalytic activity was practically identical. This 
indicates that, under the present reaction conditions, the overall reaction rate is not 
dependent on the concentration but on the concentration ratio of reactants. Cho et al. 
observed the same phenomenon [9]. 
Depicted in Fig.4-5 are effects ofthe NOIC3Hs molar ratio in the feed on the steady state 
conversion of NO over Sr2NiMo06 and Sr2Co W06• In these experiments, the 
concentration of C3HS was varied while keeping those of NO and O2 constant. It is quite 
natural that the NO reduction activity decreased almost linearly with increasing the 
NOIC3Hg ratio, that is, decreasing the concentration of C3HS reductant. 
4.3.5 Effect of hydrocarbon reductants 
Table 4-1 summanzes the NO reduction activity of Ba2MgMo06 with vanous 
hydrocarbons. The reduction of NO into N20 was specifically observed at 600°C with 
C3Hg, but the formation of neither N2 nor N20 was observed when using C2H4 and CH4 as 
reductants. As stated above, CO may participate in the reduction of NO into N20. 
Actually, a lot of CO was formed at 600°C with C3Hg. Accordingly, the inability of C2H4 
and CH4 as reducing agents of NO might be ascribable to the fact that they were oxidized 
completely into CO2 under the present reaction conditions. 
T NO-C3HS-02 NO-C2H4-02 NO-CH4-02 
COC) N2 N20 CO2 CO N2 N20 CO2 CO N2 N20 CO2 CO 
400 0 0 0 0 0 0 0 0 0 0 0 0 
500 0 0 2.5 0 0 0 0 0 0 0 0 0 
600 0 57.8 23.9 47.8 0 0 41.8 0 0 0 9.3 0.8 
700 0 0 97.3 4.6 0 0 96.6 6.7 0 0 82.5 6.2 
800 0 0 100 0 0 0 100 0 0 0 100 0 
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4.4 NO reduction activity of AZ+zBz+B6+06 double perovskites and its relation 
to solid-state chemistry 
4.4.1 Dependence of catalytic activity on the oxide composition 
Table 4-2 lists the catalytic activity for the NO-C3Hg-02 reaction at 600°C of double 
perovskites A2\B2+B6+06 containing a single kind of A2+ ion. It can be seen that N20 is 
the main NO reduction product, and the conversion of NO and C3Hg depends significantly 
on the constituent metal cations. 
Table 4-2 The catalytic activity of A2\B2+B6+06 double perovskite oxides 
SBET * Conversion of NO 1% Conversion of C3Hg I % Catalyst 1m2 g-l N2 N20 CO2 CO 
Ba B2+WO ................... 1 ...................................... 6. ......... 
B2+=Mg 0.2 3.2 71.6 48.7 12.1 
B2+=Ca 0.3 11.6 65.0 30.8 18.4 
B2+=CO 0.9 0 35.3 94.6 0 
B2+=Ni 0.4 1.5 47.8 59.6 26.6 
B2+=CU 0.3 0 39.9 94.3 0 
B2+=Cd 0.5 3.5 29.1 46.6 0.4 
Ba B2+MoO 1§ 
B2+=Mg 0.4 0 57.8 23.9 47.8 
B2+=Ca 0.3 4.4 64.1 47.5 9.7 
B2+=CO 0.3 0 27.0 93.2 0.6 
B2+=Ni 0.7 0 34.5 94.6 0.5 
B2+=Cd 0.4 0 31.0 27.0 1.7 
B2+=Mg 1.0 15.3 54.4 41.7 11.6 
B2+=Ca 1.2 18.5 49.8 35.8 10.5 
B2+=CO 0.5 0 33.7 96.6 2.1 
B2+=Ni 0.8 1.7 39.1 92.4 0 
B2+=CU 0.6 0 31.8 90.5 3.3 
B2+=Cd 0.4 0 39.2 25.4 0 
* SBET; Specific surface area. Temperature; 600°C 
Reaction gas; NO (0.44%)-C3Hg (0.29%)-02 (4.4%)-He (balance) 
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Table 4-2 The catalytic activity of A2+2B2+B6+06 double perovskite oxides (continued)
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B2+=Ca 5.8 54.8
B2+=Co 0.5 0 25.7








y = 0.25 0.5 15.3 45.6
y = 0.50 0.7 18.4 43.9







* SBET; Specific surface area. Temperature; 600°C
Reaction gas; NO (0.44%)-C3Hg (0.29%)-02(4.4%)-He (balance)
The reduction activity of NO into N20 and N2depended on the sort of A
2+, B2+and B6+
cations, but the effect of B2+ cations was found to be the most remarkable. The
dependences on each cationic species are described below.
Effect of A2+ cation. Figure 4-6 shows the effect of A2+cation on the NO reduction
activity for the A2+2B
2+W06 series oxides. Nitrous oxides was a main reduction product,
and the formation ofN2was observed only for catalyst with B
2+=Mg, Ca, Cd and Ni. As
can be seen for A2+2CaW06 and A
2+2MgW06, the oxides with A
2+=Sr show the higher
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conversion of NO into N2 than those with A
2+=Ba. With regard to the total reduction of
NO, which is a sum of conversions into N2 and N20, the Ba compounds show higher
activity than the Sr compounds in all the systems. This relation is also true in the
A2\B2+Mo06 series oxides. When the Ca compounds are taken into account, however, the
NO reduction activity depends irregularly on A2+cations; Ba > Sr> Ca (B2+=Ca), Ca> Ba
> Sr (B2+=Co and Ni). There is no clear relation between the activity and ionic radius, Ba
> Sr >Ca, or enthalpy of the oxide formation (-~H/), Ca > Sr > Ba (vide infra). The
reason for the effect of A2+ cation is not clear at the present.
Fig. 4-6 NO reduction activity of A2+2B
2+W06 double perovskites at 600°C.
Effect of B2+ cation. It is seen from Fig. 4-6 that the total NO reduction activity
depended more largely on B2+ cations than A2+ cations, and oxides with B2+=Ca and Mg
showed higher NO reduction activity than those with 3d transition metal ions. This implies
that the redox property of the B2+ ion influences the NO reduction activity. As stated
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below, the NO reduction activity is well correlated with the standard enthalpy of formation
ofB2+0.
Effect of B6+ cation. As shown in Fig. 4-7, the NO reduction activity certainly
depends on the B6+ cations, but the dependence is not so large. The NO reduction activity

















Fig. 4-7 NO reduction activity of Sr2B2+WI_yMoy06 double perovskites
as a function of the Mo content (y).
4.4.2 Relation between the redox property of B-site cations and NO reduction
activity
The variation of the NO reduction activity with oxide composition of the double
perovskites suggests that the redox property of B-site cations control the catalytic property.
In the catalytic chemistry, the standard enthalpy of formation of metal oxide per oxygen
atom, -~Hfo/O-atom, is often used as a parameter of metal-oxygen bond strength, the
ability of oxygen activation or redox property of metal ions (oxides). For example, it was
89
              
          
              
2  
              
                














     
      2
2 \. 6   
        
            
 
             
             
              
 OI             
               
 
Chapter 4 Catalytic Property of Ordered Perovskite-Type Oxides Containing Wand Mo for the Reduction 
of Nitrogen Monoxide by Propane in the Presence of Oxygen 
reported on simple metal oxide catalysts that the catalytic activity for the complete 
oxidation of propylene [10] and the amount of desorbed oxygen [11] increased with a 
decrease of -~HfO 10-atom. These results indicate that the ability of oxygen activation 
















300 500 700 
-~H/ / kJ'mol-1 
300 500 700 
-~H/ / kJ'mol-1 
100 
Cf. 
80 (B) Ba2B2+Mo06 
- 60 










100 300 500 
-~H/ / kJ'mol-1 
100 300 500 
-~H/ / kJ'mol-1 
700 
700 
Fig. 4-8 Relation between the total conversion of NO (X [NO]) and the standard 
enthalpy of formation ofBHO, -~Ht 
Reaction condition; NO(0.44%)-C3HsCO.29%)-Oi4.4%)-He(balance), 600 DC. 
-~H/ I kJ'mol-1; 634.9 (CaO), 601.6 (MgO), 258.4 (CdO), 239.7 (NiO), 
237.9 (CoO), 157.3 (CuO). 
Figure 4-8 shows the relationship between the total conversion of NO and the standard 
enthalpy of formation of B2+0, -~Ht [12]. In all the systems, a good correction between 
the two quantities is obtained, and the total conversion of NO tends to increase with 
increasing -~Hr As stated above, the complete oxidation of C3HS by O2, reaction (4-5), 
competes with other reactions (4-1,4-4) to reduce NO into N2 and N20 in the present NO-
C3Hg-02 reaction system. Accordingly, the tendency observed in Fig. 4-8 can be 
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expressed in another way that the selectivity to the oxidation of propane, reaction (4-5),
increases with decreasing -~Hfo. This is consistent with the above discussion about
relation between -~HfO and catalytic activity. It can thus be concluded that, when A2+ and
B6+ ions are fixed, the catalytic property of A2+2B2+B6+06 in the NO-C3Hg-02 reaction is
almost exclusively determined by the redox nature of B2+ ions, and that the oxide
containing B2+ ion with larger -~Hfo (poor in redox ability) shows higher activity of, or
selectivity to, NO reduction.
The dependence of the NO reduction activity on the composition of Wand Mo (Fig. 4-
7) might be also explained by the larger -~HfoIO-atom ofW03 (281.0 kJ·mol-O·
I
) than that
of Mo03 (248.4 kJ·mol-O·
I
). Provided that the reaction proceeds via a redox cycle of the
catalyst and that oxide ions bridging B2+ and B6+ ions (-B2+-O-B6+-) takes part in the
catalysis, the catalytic property should be dependent on redox properties of both B2+ and
B6+ ions. Thus, in case that A2+ and B2+ ions are fixed, the redox property of B6+ ions
controls the catalytic activity. Because the value of -~Hfo of B2+0 is more wide-ranging
than that of B6+03, the catalytic activity of the present catalyst systems presumably depends
more largely on B2+ions.
4.4.3 Proposed scheme of the NO-C3Hs-02 reaction over double perovskites
Figure 4-9 shows the possible scheme of the NO-C3Hg-02 reaction over double
perovskites, which can explain the dependence of the NO reduction activity on the B-site
cations, that is, the B2+-O bond strength or -~Ht of B2+O. In the absence of oxygen, the
reaction between NO and C3Hg occurs exclusively. In the presence of oxygen, on the
other hand, C3Hg reacts with O2 preferentially to NO. The selectivity to the C3Hg-02
reaction path of the complete oxidation to CO2 or the incomplete oxidation to CO
determines the NO reduction activity into N20 in the NO-C3Hg-02 reaction because CO
works as a reductant of NO into N20 in the presence of oxygen. When the B
2+-O bond
strength or -~Hfo of B2+0 becomes high, the catalyst becomes less active and tends to
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catalyze the incomplete oxidation of C3Hg to CO, giving the higher probability of the
reduction of NO by CO. When the B2+-O bond strength or -L\Hfoof B
2+0 decreases, the
catalyst becomes more active and the complete oxidation of C3Hg to CO2 dominates over
the incomplete oxidation, diminishing the NO reduction activity. As shown in Fig. 4-6,
the substantial amount of N2 is formed over the catalysts with B
2+=Ca, Mg. Since these
catalysts with higher -L\Hfo values are less active, the reaction of C3Hg with NO to give N2
still proceeds in the presence of oxygen.




Fig.4-9 Proposed scheme of the NO-C3Hg-02 reaction over double perovskites
The reaction scheme can also explain the dependence of the NO reduction activity on
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the oxygen concentration (Fig. 4-3) satisfactorily. In the absence of oxygen, molecular 
nitrogen (N2) is the sole reduction production of NO through the NO-C3Hg reaction. 
When the concentration of oxygen increases, the probability of the NO-C3Hg reaction 
decreases, resulting in the progressive decrease in the conversion of NO into N2• The 
selectivity to the complete or incomplete oxidation path depends on the oxygen 
concentration; the incomplete oxidation favors the low oxygen concentration. On 
increasing the oxygen concentration from 0 % to higher, the incomplete oxidation of C3Hg 
into CO and thus the reduction of NO by CO into N20 increase at first, and over the certain 
oxygen concentration the complete oxidation of C3Hg to CO2 becomes dominating, thus 
giving the maximum conversion into N20 at a certain oxygen concentration. 
4.5 NO reduction activity of the other ordered perovskite systems 
In the last section, the catalytic activity for the NO-C3Hg-02 of the double perovskites 
A2\B2+B6+06 containing a single kind of A2+ ion has been investigated, and it has turned 
out that the NO reduction activity is primarily controlled by the redox property of B2+ ions 
though it depends also on A2+ and B6+ ions. This section concerns with the catalytic 
property of the other ordered perovskites; partially substituted oxides, oxygen deficient 
A B+B6+0 A+A3+B2+B6+0 and 2'1-orderedA2+ B3+ B6+0 
2 5.5' 6' 3 2 9' 
4.5.1 AlB-site partially substituted double perovskites 
The catalytic activities of AlB-site partially substituted double perovskites with B2+=Cd 
are summarized in Table 4-3 together with those of the corresponding unsubstituted oxides. 
The substitution of K at A-site in both the Wand Mo-containing oxides brought about a 
drastic decrease in the activity (conversion of C3Hs), and the Na substitution at A-site (W 
system) caused a slight increase in the selectivity to NO reduction with the activity being 
almost unchanged. The Li substitution at B-site, on the other hand, resulted in the 
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promotion of both the selectivity to NO reduction and the oxidation activity. In all the
oxides substituted with alkali metal ions (A+) for divalent A2+ and B2+, the formation of
oxide ion vacancies is expected. The results obtained here indicate that the variation of
the catalytic property is not related with the formation of oxide ion vacancies but with the
sort of alkali metal ions, or more exactly, the substituted cationic sites. The fact that the
Li substitution at B-site was more influential than the K and Na substitution at A-sites may
be reasonable because the catalytic property of perovskites in general [3] and of the double
perovskites (see Section 4.4) is controlled by the B-site cations.
Table 4-3 Catalytic activity of A- or B-site partially substituted double perovskites for the
NO-C3Hg-02reaction (600°C)
Conversion of C3Hg/ %
Ba2CdW06 0.5 3.5 29.1 46.6
Bal.gKo.2CdWOs.9 0 27.0 12.5
Ba1.8Nao.2CdWOs.9 0 34.5 45.1
......~.~z..g.4.Q.,.~!.:.!Q,.z..~.Q?.,.2 ?.:..9........ 33.3 ??.:..?. ..
Ba2CdMo06 0.4 0 31.0 27.0
......~.~lJ~.~Q.,~.~~.Q.?.,.2.............. 0 ~.~.:..9. 15.0
Ba2Cdo.9Pdo.IW06 0 38.9 68.3
Ba2Cdo.gPdo.2W06 0.4 0 29.2 73.6
Conversion of NO / %
Catalyst SBET*









* SBET; Specific surface area.
Reaction gas; NO (0.44%)-C3Hg(0.29%)-02(4.4%)-He (balance)
The report on perovskites containing Pd has been rare, partly because the ionic size of
Pd2+ (0.86 A) is too large to be accommodated in the B-site of the primitive AB03
perovskites. I expected that the partial substitution of Pd2+ for larger Cd2+ (0.95 A) in
Ba2CdW06 might be possible, and tried to synthesize Ba2Cdl_yPdyW06 (y=O.l, 0.2). XRD
analysis showed that both oxides contained Pd~ and its amount increased as the y value
increased, indicating that the substitution of Pd is impossible or the substitution limit is less
that 10% (y=O.l). Anyway, these Pd-containing oxides were subjected to the activity
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evaluation for the NO-C3Hg-02 reaction. The incorporation of Pd did not show so large
effect. The reaction took place above 500°C and the reduction of NO did specifically at
600°C as the other oxides, and the product distribution was practically the same as that
over the host Ba2CdW06 (Table 4-3).
Table 4-4 Catalytic activity for the NO-C3Hg-OZ reaction of BazNaWOs.s and SrzNaWOS.5
T JOC BazNaWOs.s SrzNaWOs.s
N z NzO COz CO N2 NzO COz CO
400 0 0 0 0 0 0 0 0
500 0 0 0 0 0 0 0.8 0
600 5.6 37.2 20.1 5.3 0 21.1 5.7 3.4
700 3.4 9.6 88.4 12.3 4.0 5.5 48.9 43.0
800 0 0 100 0 2.8 0 86.1 15.3
Reaction gas; NO (0.44%)-C3Hg (0.29%)-Oz (4.4%)-He (balance)
The catalytic activity of AzNaWOs.s (Az+=Ba, Sr) is summarized in Table 4-4. The Ba
compound showed higher NO reduction activity than the Sr compound, being consistent
with the observation of the A Z\Bz+B6+06 double perovskites (Section 4.4.1). For
BazNaWOs.s, the magnitude of the NO reduction activity (X[NO]=X[Nz]+X[NzOD can be
recognized from the -~HfO value, because the both parameters are in between BazMgW06
and BazCdW06: X[NO] ; 74.8 (Mg), 42.8 (Na) and 32.6 (Cd) %, -~Hfo; 601.6 (Mg), 414.2
(Na) and 258.4 (Cd) kJ mol-O-I. No such a clear relation, however, is observed with
SrzNaWOs.s' Anyway, it can be said that the catalytic property is not promoted by the
presence of oxide ion vacancies.
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0 0 20 40
Conversion of NO / % Conversion of NO / %
Fig. 4-10 Effect of A site cations on the NO reduction activity
of A2B
2+W06 (B
2+=Mg, Co). T = 600°C.
The reduction of NO into exclusively N20 was observed specifically at 600°C, and the
conversion of NO into N20 is as follows: 33.5 % (KLaMgW06), 39.4 % (NaLaMgW06)
and 26.1 % (NaLaCoW06). The NO reduction activity of NaLaMgW06 was higher than
that of NaLaCoW06, being consistent with the observation of the A
2\B2+B6+06 double
perovskites (Section 4.4.1). As for the effect of alkali metal cations, NaLaMgW06 was
superior to KLaMgW06• This may agree with the result of the partially substituted
systems that the catalysts with the K substitution at A-site were less active than the Na-
substituted catalysts. Fig. 4-10 compares the NO reduction activity of A2B
2+W06 (B
2+=
Mg, Co) with different A-site cation(s). In either Mg and Co systems, oxides with A+-A3+
combination showed lower NO reduction activity than oxides with a single kind of A2+
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cations. It seems that the presence of alkali metal cations at A-site deteriorates the
catalytic performance.
4.5.4
The catalytic reduction of NO with C3Hg in the presence of oxygen over 2: 1 ordered
perovskites, A2+3Co/+B
6+Og (A2+=Ba, Sr, Ca; B6+=W, Mo), was investigated. NO and
C3Hg were practically converted into N20 and CO2, respectively, and the N20 formation
became maximum at 600°C. The activity data of the 2: I-ordered compounds are
summarized in Table 4-5. Roughly speaking, the conversions of NO into N20 and of
C3Hg into CO2 are comparable for all the catalysts probably because that the activity is
determined by the redox-active Co3+ion.


























* SBET; Specific surface area.
Reaction gas; NO (0.44%)-C3Hg (0.29%)-02(4.4%)-He (balance)
oxides are composed of the same metal cations but contains Co ions in different oxidation
states: divalent in the former and trivalent in the latter. As seen from Table 4-5, each 1: 1-
ordered perovskite with Co2+ shows higher NO reduction activity than the corresponding
2: 1 ordered perovskite with Co3+. These results from the higher oxidation activity of the
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2: 1 ordered compounds due to the higher redox activity of C03+ ion. The details will be 
described in the next chapter. 
4.6 Conclusions 
The double perovskites A2+ 2B2+B6+06 with the 1: 1 ordered arrangement of B2+ and B6+ 
cations, can catalyzed the non-selective reduction of NO into N20 and occasionally N2 
specifically at 600°C in the gaseous mixture of NO-C3HS-02 reaction system. The 
reduction activity of NO into N20 and N2 depends on the sort of A
2+, B2+ and B6+ cations, 
but the effect of B2+ cations is the most remarkable. The double perovskites containing 
alkaline earth metals cation in B-site have higher NO reduction activity than those 
containing transition metals, while the latter have the higher C3Hg oxidation activity than 
the former. It has tuned out that the NO reduction activity increases monotonically with 
an increase in the enthalpy of formation of B2+0 (-~Hfo), suggesting that the strength of 
B2+-0 bond or the redox property of B2+ ions is of primary importance for the NO 
reduction activity of A2+2B2+B6+06 in the NO-C3Hg-02 reaction. 
The catalytic activity for the NO-C3Hg-02 reaction was also measured for such double 
perovskite systems as partially substituted oxides, oxygen deficient A2B+B
6+0S.S, 
A + A3+B2+B6+06• It has been found that the incorporation of alkali metal cations (K and 
Na) in the A position deteriorates the catalytic performance and that the substitution of Li 
at the B position increase the activity. The presence of oxide ion vacancies may not be so 
important for the catalytic property of the double perovskites. 
to the corresponding 1: I-ordered compounds with respect to the reduction of NO because 
the more redox-active C03+ ion endows the 2:1-ordered compounds with higher oxidation 
activity which causes a preferential promotion of the oxidation of C3Hg by O2, 
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5
A .lot of papers have been so far published concerning catalytic combustion reaction of
C3Hg over both unsubstituted (AB03) and substituted (A1_xA'xB03' A1_xA'xBl_yB'y03' etc.)
perovskites, almost all of which contain rare earth cations, especially La, at the A-sites and
3d transition metal ions, such as Fe, Co and Mn, at the B-sites [1,2,3]. To the best of my
knowledge, however, the ordered double perovskites as catalysts for hydrocarbon
combustion have not been reported. In Chapter 4, the catalytic activity of ordered
perovskites containing Wand Mo for the NO-C3Hg-02reaction has been investigated, and
their catalytic properties has been successfully correlated with the solid-state chemistry.
The purpose of this chapter is to investigate the catalytic activity for the oxidation of
C3Hg as well as to find a correlation with a solid-state chemical parameter. In the final
part of this chapter, the catalytic property of the ordered perovskites, though primitive, for
the selective oxidation of C3Hg will be described.
Experimental
The catalytic activity was measured between 300 and 700°C with the fixed-bed flow
reactor same as that used in Chapter 4. The catalysts used were A2+2B2+B6+06, partially
substituted double perovskites and A2+3C02B6+09' The He-balanced reaction gas
containing 0.880/0 C3Hg and 16.7% O2 (C3Hg/02=1/19.5) was fed over the catalyst bed (0.5
g) at a rate of 30cm3 min-I; the space velocity (SV) was 7000 h-1, or the contact time
(catalyst weight/gas flow rate) was 1.0 g s cm-3. The effluent gas was analyzed by a gas
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chromatography equipped with thermal conductivity detector (Shimadzu GC I4B). A 
Molecular sieve 5A colunm was used to separate O2, CH4 and CO, and a Gaskuropack 54 
column for CO2, C2H4, C3H6 and C3Hg. The catalytic activity at a steady state, which was 
attained after one hour or more on stream, was evaluated by the following parameters. 
Conversion of C3HS into CO2 (X[C02] / %) = ([C02]ont / 3 [C}HSln) X 100 
Conversion of C3Hg into CO (X[CO] / %) = ([C02] ont / 3 [C3Hg] in) xiOO 
Conversion of C3Hg into CH4 (X[CH4] / %) = (2 [CH4] ont / [3C3Hg] in) xiOO 
Conversion of C3Hg into C2H4 (X[C2H4] / %) = (2[C2H4] ont / [3C}Hg] in) xl 00 
Conversion of C}Hg into C}H6 (X[C3H6] / %) = ( [C3H6] ont / [C3HS] in) xl 00 
Conversion of O2 (X[02] / %) =([02] ont / [02] in) xl 00 
The total conversion of C3HS (X[C3Hg]), which is a sum of X[CO], X[C02], X[CH4], 
5.3 General features of the Wand Mo-containing ordered perovskites for the 
propane oxidation reaction 
5.3.1 Temperature dependence 
Figure 5-1 shows temperature dependences of the C3Hg oxidation reaction over 
Ba2Co W06 and Ba2MgW06 double perovskites. The former is the representative of the 
catalysts showing the higher C3Hg conversion and catalyzes practically the complete 
oxidation reaction, while the latter is that showing the lower C3HS conversion and 
producing incomplete oxidation products. As compared with Ba2MgW06, Ba2Co W06 
showed higher conversion of C3Hg at any temperature, lower light -off temperature at which 
the reaction started, and lower completion temperature at which the conversion of C3Hg 
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reached 100%. In addition, the products other than CO2 were negligible for Ba2CoW06,
while the substantial amount of CO, C2H4 and C3H6 was detected for Ba2MgW06• All
these results indicate that Ba2CoW06 is more active than Ba2MgW06• The higher activity
of the Co compound than the Mg one suggests that the redox property of B2+ ions plays a
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300 400 500 600 700
Temperature. / °C
Fig. 5-1 Temperature dependence of the C3Hs oxidation
over Ba2CoW06 and Ba2MgW06.
The total converSIon of C3Hs and the converSIon into CO2, the maIn product,
monotonically increase with an increase in the temperature on both catalysts, indicating
that the reaction is thermally controlled. Thermal decomposition of C3Hs in a gas phase
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without any catalyst was also tested under the same conditions. The thermal
decomposition proceeded hardly below 600°C, slightly at 700°C with 6.1 % total
conversion of C3Hg, and extensively at 800°C. Accordingly, it can be said that the
reaction below 700 °C can be regarded as a true catalytic reaction.
5.3.2 Effect of contact (W/F)
The effect of the WIF value on the catalytic performance was measured with
Sr2CoW06 catalyst. As shown in Fig. 5-2, the total conversion of C3Hg increases with an
















0.0 0.5 1.0 1.5 2.0 2.5
W F-1 / 9 s cm-3
Fig. 5-2 Propane oxidation activity of Sr2CoW06 as a function of contact time (WIF).
ILl· ........ """" ..... of composition of
The stoichiometric molar ratio ofO/C3Hg is 5 for the complete oxidation ofC3Hg (5-1).
(5-1)
103
           
     
            
            
              
            
    time  I  
              
            g    















   
 
0  
      
  I    
                
5.3.3 Effect of the   reaction gas (02/C3Hs ratio) 
             g  
 
 
Chapter 5 Catalytic Property of Ordered Perovskite-Type Oxides Containing Wand Mo
for the Oxidation of Propane
Accordingly, the standard experimental condition of this study, 0/C3Hg=19.5, is highly
oxidizing condition with a large excess of oxygen. Nevertheless, the incomplete oxidation
products were observed for many catalysts, indicating that the A2BB'06 double perovskites
containing W and Mo are not so active catalysts. As shown in Fig. 5-3, incomplete
oxidation products, C2H4 and C3H6, were also observed even over the Ni-containing
oxidation, which was measured by varying the O2 concentration. The increase in the
O/C3Hg ratio caused the conversion into CO2 to increase and the conversion into
temperature (volcano-shaped) and on the 0/C3Hg ratio indicate that these incomplete
oxidation products are reaction intermediates and successively oxidized at higher






















400 450 500 550 600 650 700 750
Temperature / °C
Fig.5-3 Effect of the 0/C3Hg ratio on the propane oxidation over Ba2NiWo.sMoo.s06.
The molar ratios of 0/C3Hg are shown in the figure.
Catalytic activity propane oxidation double perovskites its
""''' ....L ... ''''' •• to solid-state chemistry
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1U"""'."..."........ ""'• .n oxidation perovskites
The catalytic activity of C3Hg oxidation reaction was measured over the systematic
series of double perovskites, A2+2B2+B6+06 (A2+=Ba, Sr, Ca; B2+=Mg, Ca, Co, Ni, Cu, Cd,
Zn; B6+=W, Mo, Wo,sMoo,s), and the results are summarized in Table 5-1. In this table, the
temperatures, at which the total conversion of C3Hg reached 10% and 50% (T10% and T so%),
are taken as measures of activity. The evaluation or comparison of true activity is difficult
in this series of oxides, because the incomplete oxidation was observed over some catalysts
but not over the others. On the whole, however, the total conversion of C3Hg can be used
for the purpose of comparing the activity. As can be recognized from Table 5-1 catalysts
containing 3d transition metals (Co, Ni and Cu) are more active than those containing
alkaline earth metals (Mg and Ca) and lIB metals (Zn and Cd), and the Co-containing
catalysts are the most active. The effect of the W/Mo composition was investigated on
Sr2MgWl_yMoy06 (y=O, 0.25, 0.5, 0.75, 1.0), but the activity was not so much dependent on
the composition and the clear relation between the activity and the composition was not
observed. The effect of A-site cations on catalytic activity was not significant and seems
less important than that of the B2+cations.
Table 5-1 Propane oxidation activity of A2+2B2+B6+06 double perovskites
T so% / °C T 10% / °C T so% / °C
B2+=Mg 540 640 B2+=Mg 550
B2+=Ca 515 588 B2+=Ca 536
B2+=Co 350 425 B2+=Co 428
B2+=Ni 390 521 B2+=Ni 410
B2+=Cu 400 584 B2+=Cd 510
B2+=Cd 555 633
B2+=Zn 560 650
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Table 5-1 Propane oxidation activity of A2+2B2+B6+06 double perovskites (continued) 
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T Io% and T50%; Temperature for 10% and 50% conversion ofC3Hs 
5.4.2 Dependence of Propane oxidation activity of A2+2B2+B6+06 double 









The results that catalysts containing 3d transition metals (Co, Ni and Cu) were more 
active than those containing IIA (Mg and Ca) and IIB metals (Zn and Cd) suggests that the 
activity is related to the nature of B2+ cations as in the case for NO-C3HS-02 reaction. 
Figure 5-3 plots the total conversion of C3HS at 400 DC as a function of the enthalpy of 
formation (-~Hn ofB2i O [4] for Ba2B
2+W06 and Sr2B
2+W06 (B
2+=Cu, Co, Ni, Cd, Zn, Mg, 
Ca). In both series of oxides, the relations between two quantities exhibit a volcano-shape 
dependence being Co at summits. The similar relation is also observed in the other series 
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oxides. The volcano-shape dependence was first reported by Kagawa et al. for the
complete oxidation of ethylene on various metal oxides [5], and is commonly observed in
the redox-type catalytic reactions. The redox-type reactions are composed on two steps
(Fig. 5-4); the reduction step of the catalyst by a reductant and the reoxidation step by the
gaseous oxygen. The reduction step is hard to occur when the metal-oxygen bond
strength is too strong (large -~H/), and the reoxidation step becomes difficult when the
bond strength is too weak (small-~Hl). Accordingly, the activity becomes the highest at






















100 200 300 400
-~H/ I kJ mol-1
Fig. 5-3 Relation between the total conversion of C3Hg and the standard enthalpy of
formation of B2+0, -~Ht (a) Sr2B
2+W06, (b) Ba2B
2+W06•
The order of the oxidation activity has also good relation to the number of valence
electrons of the 4th series metal cations; the activity order, C02+ > Ni2+ > Cu2+ > Zn2+,
107
           
     
             
              
            
                 
             
     Hn          
             
           
 

















ro ......  
 
I
~ 0     
l /   
        3 S      
  r    . 
               
            ?+  t  2t  
 
Chapter 5 Catalytic Property of Ordered Perovskite-Type Oxides Containing Wand Mo
for the Oxidation of Propane
consistent with the number of unpaired electrons, 3(d?) > 2(d8) > 1 (d9) > 0 (dID) (high spin
state was selected). At the present, there is no reasonable interpretation to explain the
relation between the activity and the number of d electrons, and the volcano-shape












Fig.5-4 Redox-type reaction scheme of C3Hg oxidation
Figure 5-5 compare the propane oxidation activity of Ba2CoW06 and the single metal
oxides of B-site cations, CoO and W03• The activity of CoO was comparable to
Ba2CoW06 and considerably higher than W03, being probably consistent with the fact that
the activity of double perovskites is controlled by B2+ cations. The slightly higher activity
of Ba2CoW06 than CoO may indicate that the activity of C0
2
+ for the oxidation reaction is
improved when incorporated in the perovskite framework.
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Fig. 5-5 Catalytic activity for the oxidation of propane of Ba2CoW06, CoO and W03 •




C3Hg CO CO2 CH4 C2H4 C3H6
Ba2CdW06 61.7 0 55.8 0 8.1 2.2
Bal.gKo.2CdWOs.9 39.3 0 27.3 0 6.3 2.7
Bal.gNaa.2CdWOs.9 70.6 0 56.9 0 6.5 1.6
Ba2Cdo.gLio.2WOS.9 75.0 0 59.2 0 8.9 2.2
Ba2Cdo.gPdo.2W06 88.2 0 75.4 0 4.6 1.1
Propane oxidation activity of partially substituted double perovskites
The effect of partial substitution on the propane oxidation activity was investigated in
the Ba2CdW06-based system. Since the catalytic activity of the host Ba2CdW06 was low,
the substituted oxides were not so active. As shown in Table 5-2, the incomplete
oxidation products, C2H4 and C3H6, were observed for all the catalysts and the conversion
to them was roughly comparable for all the catalysts. On the other hand, the oxidation
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activity, which can be evaluated by the total conversion of C3Hg or the conversion into CO2,
changed significantly by the partial substitution. The substitution of K at A-site brought
about a drastic decrease in the activity, and the Na substitution at A-site caused a slight
increase in the activity. As for the B-site substituted catalysts, on the other hand, the
promotion of the oxidation activity was observed for both the Li and Pd substitution. The
changes of the activity by the partial substitution are in good accordance with those













200 300 400 500 600 700
Temperature /oC
Fig. 5-6 Temperature dependence of propane oxidation over Sr3C02WOg•
The catalytic activity for the propane oxidation of the 2: I-ordered compounds
containing Co was Ineasured, and their activity was compared with that of the
corresponding I: I-ordered compounds. Fig. 5-6 shows a temperature dependence of the
propane oxidation activity over Sr3C02WOg perovskite. The ignition temperature was as
low as 300°C, and CO2 was practically a sole C-containing product observed, indicating
that the complete oxidation of C3Hg into CO2 (and H20) proceeds exclusively. This
catalytic behavior was common to all the 2: I-ordered compounds examined.
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Table 5-3 Comparison of propane oxidation activity between 1: I-ordered A2\Co2+B6+06
and 2: I-ordered A2\Co3+2B6+09
















Table 5-3 compares the propane oxidation activity between 1: I-ordered A2\C02+B6+06
and 2: I-ordered A2\C03\B6+09. All the catalysts listed practically catalyzed the complete
oxidation reaction, so that the activity is compared with the total conversion of C3Hg at 450
DC. Although the activity of Ba3C02W09 and Ba2CoW06 was comparable, it can be said
that, on the whole, the 2: I-ordered compound showed higher activity than the
corresponding 1: I-ordered compound. As stated before, the catalytic activity of ordered
perovskites is almost exclusively controlled by the redox nature of one of the B-site cations
with lower valency. Accordingly, the difference in activity between the 1: 1- and 2: 1-
ordered compounds should be ascribable to that in the redox property of divalent (l: 1-
ordered) and trivalent (2: I-ordered) Co ions. In order to confirm this assumption, analysis
by X-ray photoelectron spectroscopy (XPS) and oxygen desorption measurement by
temperature programmed desorption (TPD) technique were carried out.
The XPS measurement was performed with a Shimadzu ESCA-850 spectrometer
equipped with an Mg X-ray source. Binding energies (BE) were calibrated with reference
to the C ISI/2 level of contmninant carbon at 285.0 eV. BE values ofW 4f712 line were 36.0
eV (Ba3C02W09) and 35.8 eV (Ba2CoW06), indicating that W ions are hexavalent [6] in
both oxides. On the other hand, Co 2p3/2 signals were observed at 778.8 eV (Ba3C02W09)
and 780.4 eV (Ba2CoW06). With reference to the literature [7], Co ions are trivalent in
III
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Temperature /oC
The different valence states of Co in the 1: 1- and 2: I-ordered compounds were also
confirmed by TPD of oxygen. TPD chromatograms of oxygen are depicted in Fig. 5-7 for
Ba2CoWo.5Moo.506 and Ba3C02W09 as representatives of the Co-containing I:I-ordered and
2: I-ordered compounds. The 1: I-ordered compounds desorbed no oxygen in the
temperature range examined, while the 2:I-ordered compounds desorbed a substantial
amount of oxygen. The characteristics of the desorption profiles from the 2: I-ordered
compounds is the appearance of the sharp desorption peak above 800°C. Such a sharp
desorption was also observed for La1_xSrxCo03 perovskites [8] and ascribed to the reduction
C03+ to C02+ [9]. Accordingly, it can be concluded that the thermal reduction of C02+ in
the 1: I-ordered compounds hardly occurs and therefore no oxygen desorption is observed
in TPD of oxygen.
It has been confirmed from these characterization results that, at least in Co-containing
compounds, the 2: I-compounds have higher redox capacity than the 1: I-ordered
compounds due to the easy redox change of C03+ to C02+. These difference in the redox
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property should be the reason why the 2: I-ordered compounds are higher than the
corresponding 1: I-ordered compounds.
investigation
Mo
One of the motive to investigate Wand Mo-containing ordered perovskite oxides was
that those oxides could be used as selective oxidation catalysts because Wand Mo are
important ingredients of selective oxidation catalysts. As described above, partial
oxidation products of C3Hg such as C2H4 and CH4 were observed over less active catalysts
even when highly oxidizing condition was used, O/C3Hg=I9.5. Accordingly, the partial
oxidation of C3Hg was tried over less active catalysts without 3d transition metals and
various O/C3Hg ratios of 1.0 and 1.5. With O/C3Hg=1.0, a serious carbon deposition took
place, but the selective oxidation reaction proceeded with O/C3Hg=1.5. As an example,
the result over Sr2MgW06 catalyst is depicted in Fig. 5-8. In the temperature range
depicted, the gas-phase reaction can be ignored which became significant above 700°C.
The conversion of C3Hg started above 500°C, and partial oxidation products of C3H6, C2H4
and CH4 were formed. The formation of C3H6 indicates the occurrence of the oxidative
dehydrogenation of C3Hg (5-2).
(5-2)
The formation of C2H4 and CH4 probably indicates the occurrence of the cracking of C3Hg
(5-3), but the ratio C2H/CH4 < 1 implies that the another reaction(s) take(s) place.
(5-3)
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300 400 500 600 700 300 400 500 600 700
Temperature /oC Temperature /oC
Fig.5-8 Selective oxidation of propane over Sr2MgW06•
C3Hg (10%)-02 (15%)-He (balance); W/F= 2.0 g s cm-
3
The catalytic conversion of alkanes into more variable compounds is a current interest
in catalytic chemistry [10-14.]. In case of partial oxidation of C3Hg, the target reaction is
the direct conversion into oxygenates or dehydrogenation into propylene [10-14.]. Over
the W- and Mo-containing perovskites, the oxidative dehydrogenation actually proceeded,
but the conversion was as low as 13%. The more serious problem is that the occurrence
of the cracking with C2H/CH4 < 1. This indicates that one carbon atom out of three in
C3Hg, though in part, is converted into undesirable COx. In conclusion, the W- and Mo-
containing perovskites can not be good catalysts for the partial oxidation of propane.
Conclusions
The oxidation of propane In highly oxidizing condition (0/C3Hg=19.5) has been
114
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investigated over systematic series of double perovskites, A2\B2+B6+06 (A
2+=Ba, Sr, Ca; 
B2+= Mg, Ca, Co, Ni, Cu, Cd, Zn; B6+=W, Mo, WosMoos). The catalytic activity depends 
significantly on the B2+ cations. The double perovskites containing 3d transition metal 
ions show high activity for C3Hg oxidation reaction, while those containing IIA and lIB 
group metal cations are poor in activity. The Co-compounds are most active in every 
senes. The relationship between the catalytic activity and a standard enthalpy of the 
formation (-~HfO) exhibits a volcano shape with Co at maximum. This indicates that the 
reaction proceeds under the redox mechanism and that the catalyst, on which both 
reduction and reoxidation steps proceed smoothly (the Co-compounds in the present case), 
shows the highest activity. 
The catalytic activity for C3Hg oxidation reaction has been also investigated over the 
2: I-ordered perovskites containing Co. Temperature programmed desorption of oxygen 
has revealed that A2\C03\B6+09 compounds desorption oxygen corresponding to the 
thermal reduction of C03+ to C02+ while no desorption of oxygen has been observed with 
A2t2C02+B6+06 compounds. A2\C03\B6+09 compounds show higher activity than the 
corresponding A2+2C02+B6+06 compounds because of the easy redox change ofC03+ to C02+. 
The partial oxidation of propane has been investigated using less active catalysts like 
Sr2MgW06• They catalyze the oxidative dehydrogenation of C3Hg to C3H6 and the 
cracking to C2H4 and CH4 • It has turned out, however, that the ordered perovskites 
containing Wand Mo can not be promising catalysts for the partial oxidation of propane. 
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Perovskite-type oxides are a class of mixed metal oxides of great importance with 
respect to both practical application and basic researches. Perovskite-type oxides so far 
investigated and applied for practical uses are mostly disordered compounds represented 
by AB03, in which two or more metal cations randomly distribute in either A or B sites. 
On the other hand, perovskite-type oxides represented by such formulas as A2BB'06 and 
A3B2B'09 are called as ordered perovskites because they have distinct ordering in sublattice 
of metal cations (between Band B' cations in A2BB'06 and A3B2B'09). Although over 
300 compounds of the ordered perovskites have been so far synthesized, investigation on 
their physical and chemical properties has been very limited as compared with disordered 
perovskites. Accordingly, it is highly expected that systematic investigation on ordered 
perovskites with respect to synthesis, structure and properties will greatly contribute to 
enlarge the chemistry and physics of perovskite-type oxides. 
In the present study, a systematic series of W - and Mo-containing perovskites with the 
1: 1 ordering and 2: 1 ordering structure of B-site sub lattice have been synthesized and their 
crystal structures have been investigated. Furthermore, the catalytic activity of the 
ordered perovskites for NO-C3H8-02 and C3H8-02 reactions have been examined, and the 
catalytic properties have been discussed in relation with solid-state chemistry. 
In Chapter 1, the crystal structure, physical properties and application of perovskite-
type oxides have been surveyed, and the characteristics of ordered perovskites such as 
A2BB'06' AA'BB'06 and A3B2B'09 containing tungsten and molybdenum are summarized. 
The backgrounds and purpose of the present study have been also described. 
In Chapter 2, synthesis of various types of ordered perovskites containing Wand Mo has 
been investigated, and the synthesis condition and stability region of the W - and Mo-
containing ordered perovskites are discussed with respect to the physical properties of 
constituent metal ions (ionic size, valency etc.). The range of the A2+2B2+B6+06 double 
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perovskite formation depended significantly on all of the constituent metal cations and it 
was discussed on the basis of ionic size and tolerance factor. The synthesis temperature 
was correlated well with the melting point of the simple metal oxide of B2+ (B2+0). The 
solid-solution phases of A2+2B2+W06-A2\B2+Mo06 and Ba2B2+W06-Sr2B2+W06 were 
successfully synthesized if the both end members could be obtained as single phase 
compounds. The synthesis of the partially substituted A2'2.xA\B2+B6+06.xl2 and 
A2\B2+1.yB"yB6'06,Y/2' which should have oxygen-deficient composition, was first succeeded 
in this study. It was found that the substitution of larger Na+ and K+ and that of smaller 
Li+ were possible for A- and B-sites, respectively, and the substitution limit was as low as 
10% for A sites. Also investigated was the synthesis of A + A3+B2+B6+06, A 2+ A
3+B+B6+06 
and A2\B2+B6+055 double perovskites as well as A2\B3\B6+09 triple perovskites, and the 
composition, which gave a single phase under the present experimental condition, was 
clarified. 
Chapter 3 concerns with the structural investigation of a variety of ordered perovskites 
in different types, which were synthesized in Chapter 2 as a single-phase compounds, by X-
ray diffraction technique. The difference of the unit cell size for different compounds can 
be satisfactorily explained by ionic size of constituent metal cations. As for the crystal 
structure (type and symmetry of unit cell), the following general trends have been clarified. 
1) The crystal structure of the double perovskites is almost exclusively determined by the 
A-site cations; the crystal symmetry decreases with decreasing ionic size of A-site 
cations. In A2\B2+B6+06 type compounds, a cubic 2~ type unit cell is found in 
almost all compounds with A2+=Ba, a tetragonal -J2~x-J2~x2~ type unit cell in those 
with Sr and a tetragonal -J2~x-J2~x2~ type unit cell in those with Ca. Oxides 
containing two kinds of A-site cations, A2+A3+ and A+A3+, always have a monoclinic 
-J2~x-J2~x2~ type unit cell. It has been also suggested that the crystal structure of 
the oxides become more distOlied and unstable when the ionic size ratio of A2+/B2+ is 
small. 
2) All the Cu-containing compounds have a tetragonal 2~ type unit cell irrespective of 
A 2+ cations due to the J a11l1-Teller distortion. 
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3) The ordering in A-site sublattice is found in A+A3+B2+B6+06 compounds. It has been 
revealed that the A-site ordering appears when the charge difference between two A-
site cations is two. 
4) A3B2B'09 crystallize in a hexagonal unit cell having a size close to ~2'\,x~2'\,x2~3'\" 
in which the layer of cations perpendicular to the hexagonal c axis are alternately 
occupied by two kinds of cations. 
The fitness factor, <D=~2rA/(rB+rO)' has been proposed to discriminate the crystal 
systems of double perovskites. The <D value can discriminate the crystal systems more 
exactly than the well known tolerance factor, t=(r A +ro)/~2(r B +ro), for double perovskites 
which are stoichiometric with respect to the oxygen composition and contain a single kind 
of alkali earth metal cations as a A-site cation. The fitness factor is also valid in the 
partially substituted systems, but not in the oxides which contain two kinds of A-site 
cations with different valencies as well as oxide ion vacancies to substantial extents. 
In Chapter 4, the catalytic property of ordered perovskites containing Wand Mo for the 
reduction of NO with C3HS in the presence of excess oxygen (NO-C3Hg-02 reaction) has 
been investigated. Double perovskites A2\B2+B6+06 catalyze the non-selective reduction 
of NO into N20 and occasionally N2 specifically at 600°C. The reduction activity of NO 
into N20 and N2 depends on the sort of A2+, B2+ and B
6+ cations, but the effect of B2+ 
cations is the most remarkable. The double perovskites containing alkaline earth metals 
cation in B-site have higher NO reduction activity than those containing transition metals, 
while the latter have higher C3Hg oxidation activity than the former. It has tuned out that 
the NO reduction activity increases monotonically with an increase in the enthalpy of 
formation of B2+0 (~L1Hfo), suggesting that the strength of B21~O bond or the redox 
property of B2+ ions is of primary importance for the NO reduction activity of A2\B2+B6+06 
in the NO-C3Hg-02 reaction. The possible reaction scheme has been proposed in order to 
explain the experimental results satisfactorily. In order to explain above facts, the 
reaction mechanism of NO-C3Hg-02 was proposed. The catalytic activity for the NO-
C3Hg-02 reaction has been promoted by the partial substitution of Li at B-sites but 
decreased by the partial substitution of K and Na at A-sites. The presence of oxide ion 
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vacancies may not be so important for the catalytic property of the double perovskites. 
The 2: I-ordered perovskites, A2\C03\B6+09 are inferior to the corresponding 1: I-ordered 
compounds with respect to the reduction of NO because the more redox-active C03+ ion 
endows the 2: I-ordered compounds with higher oxidation activity which causes a 
preferential promotion of the oxidation of C3Hg by O2, 
The Chapter 5 describes the oxidation of propane over the systematic series of double 
k't A2+ B21·B6+0 (A2+-B S C' B2+- M C C N' C Cd Z . B6+-W M perovs 1 es, 2 6 - a, r, a, - g, a, 0, 1, U, ,n, , 0, 
WosMoos). In highly oxidizing condition (0/C3Hg=19.5), the catalytic activity depends 
significantly on the B2+ cations. The double perovskites containing 3d transition metal 
ions show high activity for C3Hg oxidation reaction, while those containing IIA and IIB 
group metal cations are poor in activity. It has been suggested that the reaction proceeds 
under the redox mechanism, because the catalytic activity exhibits a volcano-shape 
dependence on the standard enthalpy of the formation (-~HfO of B2+0) with the maximum 
at Co for every oxide systems. The 2: I-ordered A2\C03\B6+09 compounds show higher 
catalytic activity for C3Hg oxidation reaction than the corresponding A
2\C02+B6+06 
compounds because of the easy redox change of C03+ to C02+. The partial oxidation of 
propane has been investigated using less active catalysts like Sr2MgW06• They catalyze 
the oxidative dehydrogenation of C3HS to C3H6 and the cracking to C2H4 and CH4, but they 
are not promising catalysts for the partial oxidation of propane because of poor 
performance. 
In this study, a senes of ordered perovskites containing Wand Mo have been 
synthesized including 31 new compounds. The success in the systematic synthesis has 
led to the establishment of the relation between the crystal structure and oxide composition 
as well as to the proposal of new fitness factor to discriminate the crystal structure. In 
addition, the catalytic property of W- and Mo-containing perovskites for the NO-C3Hs-02 
and C3HS-02 reactions can be well correlated with the redox characteristics of B-site 
cations. The results obtained in this study will hopefully contribute to the further 
development of chemistry of perovskite-type oxides, solid-state chemistry, catalytic 
chemistry and other related fields. 
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